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Zusammenfassung
Den Zugang zu präzise verzweigten und funktionalisierten Polyethylenen kann durch
‚Acyclische

Dienmetathese-Polymerisation‘

(ADMET-Polymerisation)

von

α,ω-Dien-

Monomeren eröffnet werden. Durch das Anbringen sterisch anspruchsvoller Seitengruppen in
definierten Abständen lassen sich die kristallinen Eigenschaften polymerer Materialien
beeinflussen, da diese nicht in die Lamellenstruktur geordneter Kohlenwasserstoffketten
eingebaut werden können.
Der erste Teil der vorliegenden Arbeit beschäftigt sich mit der Fragestellung, ob das
Prinzip der Kontrolle der Kristallit-Dicke über die Polymerstruktur auch auf PolyethylenNanokristalle angewandt werden kann (Kapitel 3). Hierfür wurden präzise Carbonsäurefunktionalisierte Polyethylene über ADMET Polymerisation entsprechender Monomere mit
anschließender Reduktion der verbleibenden Doppelbindungen synthetisiert. Diese tragen an
jedem 21sten bzw. jedem 45sten Kohlenstoffatom eine Carbonsäuregruppe (C21-COOH und
C45-COOH), welche aufgrund ihres sterischen Anspruchs und polaren Charakters aus der
kristallinen Anordnung der ansonsten linearen Kohlenwasserstoffketten ausgeschlossen
werden. Nanopartikel-Dispersionen dieser Polymere wurden über Sekundärdispergierung in
wässiger Cäsiumhydroxid-Lösung erhalten, wobei die Carboxylat-Gruppen eine ionische
Stabilisierung der Plättchen-förmigen Partikel ohne den Zusatz von Tensiden ermöglichen.
Durch Cryo-TEM Messungen konnten Lamellendicken von ca. 3 nm (für C21-COOH
Nanokristalle) und 5-6 nm (für C45-COOH Nanokristalle) bestimmt werden, welche den
jeweiligen regelmäßigen Abständen benachbarter Carbonsäure-Gruppen entlang der
Polymerketten entsprechen.
Um zu zeigen, inwiefern die Kontrolle über den kristallinen Aufbau von PolyethylenNanopartikeln über die Polymer-Mikrostruktur auch auf Partikel-Dispersionen in organischen
Medien möglich ist, wurde C45-COOEtHex synthetisiert. Dieses Polymer trägt sterisch
anspruchsvolle 2-Ethylhexylester-Gruppen an jeden 45sten Kohlenstoffatom, welche nicht
zusammen mit linearen Kohlenwasserstoffsegmenten cokristallisieren können. In THF als
Dispersionsmedium konnten zwar Nanopartikel über Sekundärdispergierung erhalten werden,
jedoch fehlt noch der Beweis, dass sich die kristalline Lamellenstruktur wie in wässrigen
Systemen beeinflussen lässt. Quelleffekte durch das organische Dispergiermedium und die
unzureichende sterische Stabilisierung der Nanopartikel könnten zur deutlich reduzierten
Kristallinität und nur kurzzeitigen Stabilität der Partikel in organischer Dispersion verglichen
zu wässrigen Systemen beitragen.
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Der zweite Teil der Arbeit beschäftigt sich mit dem Schmelz- und Kristallisationsverhalten
langkettiger Polykondensate mit geringen Funktionalisierungsgraden. In den vergangenen
Jahren wurde eine Vielzahl neuartiger Polykondensate (wie Polyester, Polycarbonate,
Polyacetale und Polyamide) mit langkettigen Kohlenwasserstoff-Sequenzen synthetisiert. Mit
abnehmender Dichte der funktionellen Gruppen nähern sich hierbei die Schmelz- und
Kristallisationseigenschaften denen von linearem Polyethylen an. Jedoch verbleibt eine
gravierende Lücke zwischen Polyethylen und den bekannten langkettigen Polykondensaten
(mit Funktionalisierungsgraden von ca. 40 bis 50 Gruppen pro 1000 Methylen-Einheiten), da
die Verfügbarkeit noch längerkettiger Monomere (,ω-Diole, ,ω-Disäuren und ,ωDiaminen) für die A2+B2-Polykondensation aufgrund des präparativen Aufwands begrenzt ist.
Um diese Schwierigkeiten zu umgehen wurde ein ADMET-Copolymerisationsverfahren
angewandt,

das

die

Herstellung

von

Polykondensaten

mit

niedrigen

Funktionalisierungsgraden als Modellverbindungen ermöglicht.
Neuartige aliphatische Polyester, Polycarbonate und Polyacetale konnten so über ADMETCopolymerisationen verschiedener Mischverhältnisse von entsprechend funktionalisierten
,ω-Dienen mit einem unfunktionalisierten ,ω-Dien erhalten werden (Kapitel 4, 5 und 6).
Nach

Hydrierung

der

olefinischen

Doppelbindungen

wurden

Polymere

mit

Funktionalisierungsgraden von 0 bis 52.6 funktionellen Gruppen pro 1000 MethylenEinheiten erhalten, welche die erwähnte Lücke zwischen klassischen A2+B2-Polykondensaten
und Polyethylen schließen und die Konvergenz der Schmelzpunkte von Werten beginnend
zwischen 80 und 100 °C (für jeweils Polyacetale und Polyester) zu 134 °C (für lineares
Polyethylen)

aufzeigen.

Über

dieses

Verfahren

wurden

ebenso

Polyketone

und

Polyoxyalkylene mit geringen Funktionalisierungsgraden erhalten (Kapitel 5 und 6). Der
unterschiedliche Einfluss der Carbonyl-Gruppen auf die thermischen Eigenschaften von
Polyketonen, Polyestern und Polycarbonaten kann mit den unterschiedlichen Polaritäten der
funktionellen Gruppen in Verbindung gebracht werden, die zur Ausbildung polarer Schichten
im orthorhombischen Kristallsystem der geordneten Kohlenwasserstoffketten führt. Der
lineare Verlauf der Schmelzpunkte gegen den Molenbruch der funktionellen Gruppen kann
über das ‚Sanchez-Eby Inclusion Model‘, welches die polaren Gruppen als Störstellen
behandelt, beschrieben werden. Für diese Carbonyl-funktionalisierten Polyethylene ergibt
sich die Reihung Tm (Polyketone) > Tm (Polyester) > Tm (Polycarbonate).
Während für Polyoxyalkylene ebenfalls orthorhombische kristalline Systeme gefunden
werden, zeigen Polyacetale deutlich niedrigere Schmelzpunkte und einen Wechsel der
Kristallstruktur. Der drastisch erhöhte Störeffekt der Acetal-Gruppen bei der Kristallisation
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der Kohlenwasserstoffketten wurde mit der bevorzugten gauche-Konformation der AcetalGruppen basierend auf dem ‚Anomeren Effekt‘ in Verbindung gebracht. Da sich die gaucheKonformation

stark

von

der

all-trans-Konformation

kristalliner

gestreckter

Kohlenwasserstoffketten unterscheidet, führt diese zu einem Verlust der orthorhombischen
Kristallstruktur für Polyacetale mit hohen Acetal-Funktionalisierungsgraden.
Während für die Kristallisation aliphatischer Polykondensate wie Polyester und
Polycarbonate van-der-Waals-Wechselwirkungen für die strukturelle Anordnung der
Polymerketten verantwortlich sind, spielen für Polyamide Wasserstoffbrückenbindungen eine
entscheidende Rolle. Für aliphatische Polyamide werden generell Schmelzpunkte oberhalb
dem Wert von 134 °C für Polyethylen gemessen, wobei diese mit abnehmenden AmidFunktionalisierungsgraden erniedrigt werden. Auch für durch ADMET-Copolymerisation
erhaltene Polyamide wird dieser Trend fortgeführt (Kapitel 7). Für Polyamide mit einem
Funktionalisierungsgrad von ca. 35 Amid-Gruppen pro 1000 Methyleneinheiten bildet sich
ein Minimum der Schmelzpunkte (bei etwa 110 °C) aus, welches gleichzeitig mit einer
Wechsel von Wasserstoffbrückenbindungen dominierten Kristallsysteme zur auf van-derWaals-Wechselwirkungen basierenden, orthorhombischen Struktur einhergeht. Auch für
Polyamide

konvergieren

die

Schmelzpunkte

mit

weiter

abnehmenden

Funktionalisierungsgraden letztendlich gegen den Wert von Polyethylen.
Diese Arbeit konnte zeigen, dass ADMET-Copolymerisationen funktionalisierter Diene
mit einem unfunktionalisierten Dien die Darstellung von Carbonyl- und Sauerstofffunktionalisierten, aliphatischen Polymeren ermöglichen (nach abschließender Hydrierung der
olefinischen Doppelbindungen). Der offenen Frage nach der Entwicklung der thermischen
und kristallinen Eigenschaften dieser Materialien mit Funktionalisierungsgraden zwischen
etablierten, langkettigen Polykondensaten und Polyethylen konnte so nachgegangen werden,
welche Teil theoretischer Studien seit den 1950er Jahren ist. Obwohl detaillierte
Untersuchungen der kristallinen Morphologien der unterschiedlichen Materialien nicht Teil
dieser Arbeit waren, konnte ein generelles Bild der kristallinen Eigenschaften für die
angesprochenen Model-Polymere mit niedrigen Funktionalisierungsgraden etabliert werden.
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1.

General Introduction

1.1 Crystallinity of Polyethylene Materials
Within the last decades, polyethylene was established as the most produced plastic
material. The worldwide demand is estimated at up to 100 million tons in 2018.1 Generally,
polyethylene is produced by polymerization of ethylene, 2 which is available from the stream
cracking process. Via free-radical polymerization at pressures above 1000 bar, branched lowdensity polyethylene (LDPE) is obtained, displaying various degrees of alkyl branches of
diverse chain lengths derived from chain-transfer reactions (Figure 1.1). Insertion
polymerization of ethylene at low pressures (atmosphere pressure or above) with Ziegler,
Phillips or metallocene single-site catalysts yields virtually linear high-density polyethylene
(HDPE), containing only minimal numbers of methyl branches (commonly between 0.5 and
2.5 branches per 1000 backbone carbon atoms, generated from -hydride elimination,
followed by reinsertion after polymer chain rotation).3 Insertion copolymerization of ethylene
with 1-olefins generates linear low density polyethylene (LLDPE), where the number of alkyl
branches is adjusted from the monomer ratios applied. Molecular weights on the order of
105 to 106 g mol-1 are typically observed from insertion polymerizations.

Figure 1.1. Synthesis of LDPE via free-radical polymerization of ethylene together with HDPE and LLDPE
from insertion polymerization.

The physical properties of polyethylenes are determined decisively by the kind and number
of alkyl branches. In Table 1.1, the properties of typical thermoplastic HDPE, LLDPE and
1
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LDPE materials are summarized. As the differentiation by name indicates, HDPE exhibits a
clearly higher density than LLDPE and LDPE, also going in hand with higher crystallinity,
and a drastically increased Young’s modulus (describing the stiffness of the materials). The
melting points of the branched compounds are reduced compared to HDPE. These differences
in the physical properties are related to the different semicrystalline composition of the
polyethylene compounds.4
Table 1.1. Properties of HDPE, LLDPE and LDPE.2
Property

HDPE

LLDPE

LDPE

Polymer Grade

Hoechst GD-4755

BPLL 0209

Repsol PE077/A

Density (g cm-3)

0.961

0.922

0.924

Tm (°C)

131

122

110

Crystallinity (%)

67

40

40

Young’s Modulus (MPa)

885

199

240

In the melt, linear polyethylene chains form irregular coils. When the melt is cooled below
the crystallization temperature, nucleation induces crystallization of parallelly ordered
polymer chains (induced by van-der-Waals forces), forming lamellae (on the order of several
to several tens of nanometers) and higher ordered spherulite structures (on the order of several
tens of micrometers, Figure 1.2). Between the crystalline phases, amorphous areas of noncrystalline chains remain, since complete stretching of the polymer chains is hindered due to
entanglements. The degree of crystallinity of a semicrystalline material describes the ratio of
the crystalline fractions compared to the overall volume (of crystalline and amorphous
fractions), which can be calculated from wide angle X-ray diffraction (WAXD) or from the
heat of fusion ΔH measured by dynamic scanning calorimetry (DSC) compared to 100 %
crystalline polyethylene (for 100 % crystalline polyethylene of fully extended, defect-free
chain crystals a ΔH of 293 J g-1 was calculated).5

Figure 1.2. Crystalline composition of a HDPE material.

2
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Within the lamellae, parallel hydrocarbon chains form plains in the all-trans zigzag
conformation, establishing an orthorhombic lattice. Analysis of linear, crystalline
polyethylene by WAXD displays two major reflexes at 2 angles of 21.5° and 23.9° for the
110 and 200 planes, respectively, with an intensity ration of ca. 3:1 (Figure 1.3, left).6 The
orthorhombic crystal structure can be also revealed by infrared (IR) spectroscopy, showing
characteristic absorbances at 1472-1473 cm-1 and 1463-1464 cm-1 as Davidov splitting for the
CH2 scissoring vibration and at 718-720 cm-1 and 730-731 cm-1 for the CH2 rocking vibration
(Figure 1.3, right).7,8

Figure 1.3. WAXD pattern (left) and IR spectrum (right) of linear polyethylene.

With the presence of alkyl branches along the polymer chain in LLDPE and LDPE,
polyethylene crystallization is hindered. Bulky alkyl side groups are not included into the
orthorhombic crystal structure (only methyl groups and minimal numbers of ethyl groups are
partially incorporated), resulting in increased amorphous areas where the branches are
enriched. Reduced crystallinities, together with lower Young’s moduli and densities result
(crystalline areas are more densely packed than non-crystalline areas).9 Also melting points
are reduced compared to linear polyethylene, since the lamellae thicknesses are affected by
the branch content. Because distances between branches are limited, the stretched crystalline
defect-free hydrocarbon segments cannot achieve the length of pure crystalline polyethylene
chains, resulting in thinner lamellar structures. In WAXD patterns, defective crystallization
results in shifted reflexes toward smaller 2 angles and more intense amorphous halos,10 or
complete loss of the orthorhombic structure (as revealed by the loss of Davidov splitting in
the IR spectra, resulting in single broad bands for the scissoring and rocking vibrations).
Although the number of applications of polyethylene materials is huge, it has played hardly
a role in colloid chemistry. While aqueous dispersions of other polymeric materials (e.g.
polystyrene) are produced in large amounts by free-radical polymerization in water, the
preparation of HDPE particle dispersions from insertion polymerization of ethylene was
3
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limited due to the sensitivity of the traditional early transition metal based catalysts toward
water. Recently, the development of novel, more resistant catalysts (based on late transition
metals) enabled the preparation of highly linear polyethylene nanoparticles in water. 11 Here,
hydrocarbon chain crystallization mechanisms have structure forming character. In aqueous
medium, direct crystallization of the growing polymer chains from the catalytic center
generates lamellar colloidal structures, stabilized by physisorption of added surfactants for
electrostatic stabilization (Figure 1.4).12 In aqueous dispersions, the crystallization of the
polyethylene chains was evidenced by the formation of defined, anisotropic nanocrystals with
hexagonal shape and lamellar thicknesses of about 6 nm and lateral extensions of ca. 25 nm,
covered with thin amorphous layers as analyzed by transmission electron microscopy (TEM)
and small angle X-ray scattering (SAXS).13 Also in non-aqueous systems the preparation of
crystalline polyethylene nanostructures has been reported.14 With the addition of branched
copolymers co-crystallization occurs, where branched brush structures upon the nanoparticles
enable steric stabilization.

Figure 1.4. Formation of polyethylene nanocrystals from directly crystallizing polymer chains from ethylene
insertion polymerization in water. Reprinted with permission from reference 12. Copyright 2013 American
Chemical Society.

Since physical properties, chemical resistance and mechanical behavior in both bulk and
nanoscale polyethylene systems are generally based on polymer chain crystallization
behavior, the ability to control crystallinity is of fundamental interest. Over the last two
decades, acyclic diene metathesis (ADMET) polymerization of precisely branched ,ω-dienes
was established as an approach to directly influence the crystallization behavior in model
polymers via the regularity of the polymer chain microstructure.15,16,17

4

1. General Introduction

1.2 Acyclic Diene Metathesis (ADMET) Polymerization
Since the first investigations in the 1960s, olefin metathesis reactions have become a
powerful tool in both organic chemistry and industrial processes (e.g. Phillips Triolefin
Process,18 Shell Higher Olefin Process,19 Elevance Process20) to catalytically convert olefinic
compounds. The mechanism was revealed by Hérisson and Chauvin, proposing the formation
of a metal alkylidene and a metalla-cyclobutane as intermediates of the olefin metathesis
equilibrium (Figure 1.5).21

Figure 1.5. Mechanism of the olefin metathesis reaction proposed by Hérisson and Chauvin. 21

Figure 1.6. Common olefin metathesis catalyst precursors used for olefin metathesis reactions. 26

While first catalytic systems were based on early transition metals like tungsten and
molybdenum salts with co-catalysts like tin or aluminum alkyls, Schrock and coworkers
developed well-defined W and Mo based alkylidene catalyst precursors (Figure 1.6).22,23
However, the commonly high oxophilicity of these early transition metal based catalysts
makes them sensitive toward oxygen and moisture, limiting conversion of functional group
containing monomers (though recently examples of Mo based catalyst precursors tolerating
also functionalized substrates have been reported24). Grubbs and coworkers synthesized the
first well-defined metathesis-active ruthenium alkylidene complexes from the L2X2Ru=CHR
family,25 with commercially available Grubbs 1st generation alkylidene (G1) as the most

5
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prominent representative, allowing for the conversion of functionalized olefins. The
introduction of N-heterocyclic carbenes (substituting one phosphine ligand) further improved
the performance of the complexes, resulting in increased functional group tolerance and
reactivity (Grubbs 2nd generation alkylidene, G2). By substitution of a phosphine ligand via
intramolecular coordination of the ether oxygen atom of an ortho-isopropoxyphenylmethylene
alkylidene moiety (Hoveyda-Grubbs 1st and 2nd generation alkylidenes, HG1 and HG2), the
chelating effect on the one hand decreases the initiation rate (compared to e.g. G2), but also
improves thermal stability as well as oxygen and moisture tolerance of the reactive species
within the olefin metathesis reaction.26

Figure 1.7. Common olefin metathesis reactions.

Various chemical olefin transformations are possible via metathesis reactions.27 In ringopening metathesis (ROM) reactions, cyclic olefins are converted with e.g. 1-olefins to yield
linear dienes, while the corresponding backward reaction in the equilibrium is the ring-closing
metathesis (RCM) reaction (Figure 1.7). Applying cyclic olefins with relevant ring strains,
ring-opening metathesis polymerization (ROMP) can yield polymers with molecular weights
on the order of 105 g mol-1. Here, the reduction of ring stain is the driving force in the
polymerization reaction. In general cross metathesis (CM) reactions, two substituted olefins
are converted to yield an equilibrium of various substituted olefins. In this context, particular
reactions of interest are self-metathesis (SM) reaction of just one substituted olefin (R1 = R3
and R2 = R4) and ethenolysis, in the case of conversion of an internal olefin with ethylene
(R3, R4 = H) to yield 1-olefins. Since the olefin metathesis catalysts typically show different
reactivities toward the substrates under particular reaction conditions, the selection of the
appropriate olefin metathesis catalyst precursor has to be made individually.
6
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Figure 1.8. General mechanism of ADMET polymerizations.

A further particular olefin cross metathesis reaction is acyclic diene metathesis (ADMET)
polymerization of ,ω-diene monomers,28 commonly yielding polymers with molecular
weights on the order of 104 g mol-1. Usually, ADMET polymerizations are performed under
solvent-free conditions in the neat molten monomer to disfavor ring formation via ringclosing metathesis reactions. The polymerization mechanism is displayed in Figure 1.8.
During the initiation step, the diene monomer coordinates to the Ru-alkylidene complex
(shown for a common Grubbs-type catalyst precursor, A), reacting in a [2+2]-cycloaddition to
yield the Ru-cyclobutane derivative B. After [2+2]-cycloreversion, the Ru-methylidene
species C is generated, which is active in the catalytic polymerization circle. During the
initiation step, the phenyl group (originating from the catalyst precursor Ru=CHPh) is
transferred to the diene compound, forming an end group in the ADMET polymer. In the
polymerization cycle, the Ru-methylidene C reacts with the ,ω-diene monomer in a
[2+2]-cycloaddition to the cyclobutane derivative D, followed by a [2+2]-cycloreversion with
the release of ethylene to yield E. Further reaction with a diene molecule in the cycloaddition
yields F, which is again converted to the Ru-methylidene species C in the following
cycloreversion, releasing the ,ω-diene G as a dimer compound. The polymerization reaction
is generally performed under low pressure conditions to remove the ethylene byproduct,
shifting the reaction equilibrium to the polymer side. With ongoing polymerization, first
dimer and short-chain oligomer species are generated, while with continuing reaction polymer
species are formed increasingly. ADMET polymerizations are step-growth reactions
(comparable to polycondensation reactions of e.g. diacid and diol compounds, generating
polyesters).
7
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Figure 1.9. Relationship between conversion and degree of polymerization in ideal step-growth polymerizations
following ‘Carother’s Equation’.

Figure 1.10. Isomerization side reactions occurring during self-metathesis of 1-hexene with HG2 as the olefin
metathesis catalyst precursor (in chloroform at 45 °C). 33

In an ideal step-growth polymerization, the ‘Carothers’ Equation’ describes the
relationship between the conversion (p) and the degree of polymerization (DPn),29 according
to
𝐷𝑃𝑛 =

1
.
1−𝑝

(1)

Consequently, sufficiently high degrees of polymerization (and desirably high molecular
weights) are only possible in ADMET polycondensations, if high conversions of the vinyl
groups are achieved (Figure 1.9).
A relevant side reaction during olefin metathesis is carbon-carbon double bond
isomerization, arising from highly reactive ruthenium hydride species formed by
decomposition reactions of Grubbs-type catalysts.30,31 Already at moderate reaction
temperatures, this behavior is pronouncedly observed for second generation type catalysts,
while G1 is normally only affected at high temperatures.32 The significance of the
isomerization side reaction becomes obvious regarding the self-metathesis of 1-hexene using
HG2 as the cross metathesis catalyst precursor (in chloroform at 45 °C, Figure 1.10).33
Besides the main product 5-decene, also formation of several side-products with extended and
8
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truncated chain lengths is observed. By reaction of 5-decene with the Ru-hydride
decomposition product, 4-decene is generated after -hydride elimination. Self-metathesis of
this compound forms 4-octene and 6-dodecene, while 4-nonene and 5-undecene may be
formed via secondary metathesis with 5-decene, yielding in the end a series of products.
If

carbon-carbon

double bond isomerization reactions

occur

during ADMET

polymerizations to a higher extent, the model character of the resulting polymers is lost
eventually, especially if precisely branched or functionalized diene monomers are applied.
Consequently, in ADMET polymerization experiments, G1 is commonly chosen as the
prefered olefin metathesis catalyst precursor, since it has the lowest tendency for
isomerization side reactions and usually provides desirably high molecular weights around
104 g mol-1.

1.3 Precisely Branched and Functionalized Polymers from ADMET
Polymerization
First examples of ADMET polymerizations were reported by the research group of
Wagener. Polymerization of deca-1,9-diene to the unsaturated poly(deca-1,9-diene) and
hydrogenation of the remaining carbon-carbon double bonds generated perfectly linear
polyethylene (Figure 1.11).28,34

Figure 1.11. ADMET polymerization of deca-1,9-diene, followed by hydrogenation to yield perfectly linear
polyethylene.

The formation of small amounts of alkyl side branches, as typically observed from
ethylene insertion polymerization, is excluded in the ADMET polymerization mechanism.
While for unsaturated polymers peak melting points between 52 and 69 °C were found
(depending on the cis/trans configuration ratio), exhaustive hydrogenation of the carboncarbon double bonds results in an increase of the melting temperature Tm to 134 °C (while
heats of fusion values between 200 and 260 J g-1 are observed). The drastic differences in the
crystallinities and melting behavior between saturated and unsaturated polyethylenes are
related to the strong disturbing effect of double bonds (especially in the cis configuration) in
hydrocarbon chain crystallization. For saturated polyethylenes, a moderate shift of the peak
9
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melting temperatures was obtained for different molecular weight polymers (Table 1.2),
leading to a discrepancy of ca. 3 °C between Mn of 2400 g mol-1 (Tm = 130.7 °C) and
15000 g mol-1 (Tm = 133.9 °C).
Table 1.2. Thermal properties of variable molecular weight polyethylenes generated by ADMET
polymerizations.34

a

Mn (g mol-1)a

Mw/Mn a

Tm (°C) b

ΔH (J g-1) b

2400

2.4

130.7

252

7600

2.4

131.3

213

11000

1.9

132.0

221

15000

2.6

133.9

204

Determined by GPC in 1,2,4-trichlorobenzene vs. polyethylene standards. b Determined by DSC with
heating/cooling rates of 2 °C min-1 (melting points were determined from the second heating cycle).

Figure 1.12. Preparation of various alkyl branched polyethylenes, carrying branches on every 21 st backbone
carbon atom.35

With the application of alkyl branched ,ω-diene monomers (carrying the branch on the
central carbon atom of the hydrocarbon chain), precisely alkyl branched polyethylenes were
generated as model polymers by ADMET polymerization, followed by exhaustive carboncarbon double bond hydrogenation (Figure 1.12).35 The polyethylenes, carrying various alkyl
groups of different size on every 21st backbone carbon atom, show significant differences in
their thermal and crystalline properties. Compared to linear polyethylene, strong decreases in
the melting temperature are observed for methyl (Tm = 63 °C) and ethyl branched
polyethylenes (Tm = 24 °C), while polymers with more bulky substituents (propyl or higher
alkyls) all display melting points between 9 °C and 14 °C. WAXD analysis of the crystalline
structures of the polymers revealed, that an orthorhombic crystal structure is still adopted for
the methyl substituted polyethylene (with relatively strong shifts of the reflexes compared to
pure polyethylene), incorporating the methyl groups partially into the crystal lattices. The
disturbing effect of methyl groups reduces the melting point by 71 °C compared to linear
polyethylene. Larger branches are not incorporated into the crystalline areas, hindering the
formation of orthorhombic structures and further reducing the melting points, independently
from the absolute length and bulkiness of the side branch (minimal amounts of ethyl branches
are also built into the crystalline segments).
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Figure 1.13. Synthesis of precisely butyl branched polyethylenes with different branch concentrations.
Table 1.3. Thermal and crystalline properties of precisely butyl branched polyethylenes. 36,37,38

a

Butyl Branch on

Butyl Branches

Every Nth

per 1000 Carbon

Carbon Atom, N

Atoms



Crystalline

Tm (°C) a

ΔH (J g-1) a

0

134

204

orthorhombic

75

13

104

152

orthorhombic

39

26

75

66

orthorhombic

21

48

14

47

orthorhombic c

15

67

-33

13

n.a.d

5

200

amorphous

amorphous

n.a

Structureb

Determined by DSC with heating/cooling rates of 10 °C min-1 (melting points were determined from the second
heating cycle). b Determined by WAXD analysis. c Orthorhombic crystal structure is suggested, but besides the
reflexes for the 110 and 200 plane also a third reflex of relevant intensity is observed at a 2 angle of 19.5°,
indicating polymorphism. d Reflexes at 2 angles between 19° and 20° were found and assigned to monoclinic,
triclinic, or hexagonal phases.

Also the influence of the side branch frequency on the physical properties of precisely
branched ADMET polyethylenes is instructive (Figure 1.13).36,37,38 Drastically decreased
melting points of n-butyl functionalized polyethylenes (carrying side groups on every 75th,
39th, 21st, 15th and 5th backbone carbon atom) were observed with increasing branch densities
along the polymer chain (Table 1.3), following a linear trend (Tm vs. number of butyl
branches per 1000 carbon atoms). The orthorhombic crystal structure is only adopted for
polymers with sufficiently sized distances between branches, enabling defect-free all-trans
hydrocarbon crystallization.

Figure 1.14. Comparison of two butyl branched polyethylenes with the same branching content from insertion
copolymerization of ethylene with 1-hexene (top) and ADMET polymerization of an appropriate ,ω-diene
monomer (bottom) to yield randomly and precisely branched polyethylenes, respectively. 39
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Figure 1.15. Left: Lamellae thickness distribution of polyethylenes with butyl branches precisely placed (red)
and randomly distributed (red) along the polymer backbone. 39 Right: DSC endotherms traces of precisely (a) and
randomly butyl branched polyethylenes. Reprinted with permission from reference 39. Copyright 2011,
American Chemical Socienty.

Furthermore, the influence of precise and non-precise branching on the crystalline
properties was elucidated by comparison of a precisely branched polyethylene, carrying the
butyl branch on every 39th backbone carbon atom, and an ethylene/1-hexene copolymer (from
insertion copolymerization) containing the same degree of butyl branching (Figure 1.14).39
Regarding the distributions of the lamellae thicknesses measured from TEM images of
crystalline samples, a sharp, homogeneous distribution with an average thickness of 45 Å was
found for the precisely branched polyethylene (with the thickness agreeing well with the
length of 38 methylene units in an all-trans crystalline zigzag conformation), while for the
randomly branched polyethylene a broad, inhomogeneous distribution with an average
thickness of 73 Å was calculated (Figure 1.15, left). These findings coincide well with the
shape of the DSC melting traces, displaying a sharp melting point at 75 °C (being less than
20 °C in width) for the precisely branched polyethylene and a very broad melting range (from
ca. 50 °C to 105 °C) with a peak melting point of 99 °C for the randomly branched compound
(Figure 1.15, right).

Figure 1.16. Translation of the length L of stretched hydrocarbon segments between regular branches into the
lamellar dimensions of precisely branched polyethylenes.
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Consequently, a quite accurate model of the precisely branched polyethylene can be
drawn: the defect-free hydrocarbon segments crystallize in the stretched all-trans
conformation of an orthorhombic hydrocarbon crystal lattice, translating the precise distances
between branches directly into the crystalline lamellar thickness, whereas the butyl branches
induce chain flips and are enriched in the amorphous regions above and below the crystalline
phase (Figure 1.16).

Figure 1.17. Synthesis of defect-free, randomly methyl and butyl branched polyethylenes via ADMET
copolymerizations.

Figure 1.18. Melting points of randomly methyl (blue) and butyl (red) branched polyethylenes. The dashed lines
are merely a guide to the eye.

If branched (or functionalized) ,ω-diene monomers are converted with a linear
hydrocarbon ,ω-diene in an ADMET copolymerization, randomly branched (or
functionalized) polyethylenes are obtained (after double bond hydrogenation). These
polymers can act as ideal models for copolymers from ethylene/1-olefin copolymerizations,
preventing additional defects in the copolymers from insertion copolymerization (which
originate from the -H elimination/reinsertion mechanism). Since both diene monomers
display the same reactivity toward the olefin metathesis catalyst, a random incorporation into
the growing polymer chains can be expected.40 Wagener and coworkers reported the ADMET
copolymerization of methyl41 and butyl branched dienes36 together with linear 1,9-decadiene,
modeling ethylene/propylene copolymers and ethylene/1-hexene copolymer, respectively
(Figure 1.17). The significantly lower melting points of randomly butyl branched
polyethylenes compared to methyl branched polyethylenes again point out the exclusion
effect of the butyl side groups during polymer chain crystallization (Figure 1.18).
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Figure 1.19. Synthesis of precisely functionalized polyethylenes.

Wagener and coworkers also reported on various synthetic approaches to prepare precisely
functionalized polyethylenes, carrying polar groups like halides,42 ketones,43 carboxy44 and
phosphonic acid groups,45 or even larger more complex moieties like peptides (Figure 1.19).46
These polymers act as models for copolymers generated from copolymerizations of ethylene
with polar olefins, illustrating the influence of polar side groups on the properties of
polyethylene. While small functionalities like ketones (=O) and fluoride groups (-F) are
partially incorporated into the orthorhombic crystal structure of polyethylene, more bulky
substituents like carboxylic acids (-COOH), chlorides (-Cl) and bromides (-Br) are either
excluded or disturb the formation of the orthorhombic structure when the distances (number
of methylene groups) between the functionalities are too short.42 For precisely ketone and
fluoride functionalized polyethylenes (displaying functional groups on every 19th backbone
carbon atom) melting points close to linear polyethylene are found, while for chloride and
bromide functionalization Tm are significantly lower (but still higher than the melting
temperatures found for bulky alkyl branched polyethylenes). Besides the lower steric demand,
also polar interactions between the functional groups (especially for highly polar ketones and
fluorides) contribute to the overall intermolecular interactions. For carboxy, chloride and
bromide functionalized polymers (carrying the polar group on every 19 th backbone carbon
atom) triclinic crystal structures are found.

Figure 1.20. ADMET polymerization of undec-10-en-1-yl undec-10-enoate and hydrogenation to yield an
aliphatic polyester material (top), together with other recently reported ester functionalized diene monomers
based on natural ressources (bottom).47,48
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In the last years, ADMET polymerization of in-chain ester functionalized ,-dienes
allowed for the utilization of novel feedstocks for laboratory scale polymer synthesis.47,48
Polymerization of undec-10-en-1-yl undec-10-enoate yields a long-chain aliphatic polyester
based on natural resources, since the monomer can be easily synthesized from pyrolysis
products of natural castor oil (Figure 1.20).49,50 Other fatty acid or sugar derived building
blocks were used to generate monomers for the synthesis of renewable polyethylenemimicking materials, displaying related thermoplastic and mechanical properties.
Polymerization of other in-chain functionalized ,-dienes provide access to polymer
systems, which are difficult to prepare by standard polymerization techniques (Figure 1.21).
PEG-segmented polymers (which act as polymer electrolytes)51 or cyclic phosphazene
containing materials (displaying fire-retardant properties)52 can be easily generated from
ADMET polymerization from appropriate dienes. Ionic53 and metal containing polymers54 are
further examples for in-chain functionalized, quite exotic polymer architectures.

Figure 1.21. ADMET polymerization of in-chain functionalized diene monomers.

1.4 Fatty Acid Based Long-Chain Aliphatic Polycondensates
Long-chain aliphatic polycondensates have received growing interest in research during
the last decades. The development of novel synthetic approaches made ,ω-diacids, diols and
diamides with long hydrocarbon segments available as monomers for polycondensation
reactions to yield novel polyesters, polycarbonates, polyacetals and polyamides (Figure 1.22).
Saturated and unsaturated fatty acids (which are available from natural seed oils or
microorganisms like algae) have proven to be an attractive renewable feedstock, since these
compounds already contain long hydrocarbon segments.47,55 By biotechnological routes like
ω-oxidation56,57,58 or chemical modifications like isomerizing alkoxycarbonylation59,60,61 and
olefin self-metathesis,20,62 ,ω-difunctionalized building blocks are available (Figure 1.23).
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For polyesters63,64 and polycarbonates65 the presence of long crystallizable hydrocarbon
segments enables the formation of polyethylene-related orthorhombic crystal structures and
advantageously high melting points on the order of 100 °C (compared to congeners
containing shorter-chain aliphatic segments). Melting temperatures generally increase with
growing hydrocarbon character, since the crystalline intermolecular forces are majorly based
on van-der-Waals interactions. Related thermoplastic and mechanical properties makes these
renewable compounds attractive as potential alternatives for polyethylene-based materials.66
With methylene sequences of variable length also the rates of heterogeneous degradation for
long-chain polycarbonates and polyacetals are influenced.65,67 Remarkably, the orthorhombic
crystal structure is not found for these polyacetals.

Figure 1.22. Preparation of long-chain polyesters, polycarbonates, polyacetals and polyamides by
polycondensation reactions.

Figure 1.23. Examples for the synthesis of ,ω-difunctionalized compounds by ω-oxidation (top), isomerizing
alkoxycarbonylation (center) and olefin self-metathesis (bottom).

Different from long-chain polyesters, polycarbonates and polyacetals, aliphatic polyamides
from long-chain monomers display drastically higher melting points than polyethylene.64 With
increasing hydrocarbon character melting points generally decrease. 68 For polyamides the
formation of intermolecular hydrogen bonds between the polar amide groups exercise
predominating effects on the polymer’s physical properties and chain crystallization. Since
van-der-Waals between hydrocarbon segments only play a minor role, the formation of
16
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orthorhombic crystal structures is hindered. The application of long-chain aliphatic segments
in polyamides further provides advantageously high dimensional stability, resulting in
significantly decreased water uptakes in humid environment compared to polyamides
containing shorter hydrocarbon segments.69
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Scope of the Thesis
Novel approaches for the preparation of anisotropic polyethylene nanocrystals with particle

sizes < 50 nm in aqueous dispersions have recently been developed.11,13,70,71 The structure
forming principle is based on van-der-Waals interactions between adjacent chain segments,
allowing variations in size and shape via the crystallization conditions (applying e.g.
annealing processes).72 However, direct control over the nanoparticle structure remains
challenging in this size regime. With the development of ADMET polymerization, a powerful
tool for the adjustment of crystallinity of polyethylene based bulk materials became available.
The attachment of sterically demanding branches in precise distances along the polymer
backbone allows for controlling the lamellae thickness of crystalline hydrocarbon segments
directly via the polymer microstructure. The envisioned principle of determining the
dimension of polymer nanocrystals not via the crystallization process, but directly via the
polymer microstructure, is addressed in this thesis. For this purpose, precisely functionalized
polyethylenes are required, which enable single lamellar crystallization in aqueous systems.
The synthesis of long-chain aliphatic polycondensates has recently received growing
interest. With the development of novel synthetic strategies, the utilization of fatty acid based
linear ,-diols, diacids and diamines (containing up to 26 methylene units) for the
preparation of polyesters, polyamides, polycarbonates and polyacetals was possible. These
polycondensates display advantageously high melting points and polyethylene-related solid
state structures, making them attractive for applications as thermoplastic materials from
renewable feedstocks. With increasing hydrocarbon character, melting points of polyesters,
polycarbonates and polyacetals generally increase due to enhanced van-der-Waals forces
between crystalline chain segments, while for polyamides melting points decrease due to the
reduction of hydrogen bonds with decreasing amide contents. Though the crystalline
properties and the development of the melting points are of fundamental interest for further
‘diluted’ polycondensates, these considerations were only part of theoretical studies, since
appropriate polymers were not accessible. Here, ADMET (co)polymerization approaches of
functionalized ,-diene monomers can yield model polymers, which might fill the gap
between well-studied long-chain polycondensates from standard polycondensation methods
and linear polyethylene. The elucidation of open issues concerning crystalline and physical
properties of hydrocarbon dominated functionalized materials by such an approach are part of
this thesis.
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Self-Stabilized Polyethylene Nanocrystals with Precise
Microstructures

3.1 Introduction
Anisotropic nanoparticles are studied intensively concerning the impact of shape on
physical properties and their organization into larger structures.73,74 A key prerequisite are
well-defined particles, and much effort is devoted to the control of size, shape and surface
chemistry of inorganic particles, particularly in the challenging size regime of only several to
several tens of nanometers.75,76 In general, crystallinity is the underlying principle for
anisotropic particle growth. In contrast to inorganic nanocrystal preparation (enabling a
multitude of synthetic approaches), examples for organic polymer nanoparticles in this size
regime are scarce. Anisotropy is achieved with the application of block-copolymers consisting
of immiscible segments, leading to phase separation in the dispersion medium. Examples are
radically generated copolymers of acrylate with PEG-functionalized acrylate forming
dumbbell-like structures,77 or copolymers based on non-polar hydrocarbon segments and
polar acrylamides forming platelet-like structures in aqueous dispersions.78 For hydrocarbon
based polymer, like polyethylene, van-der-Waals interactions are responsible for the ordering
of adjacent stretched chain segments in the crystalline core.
Recently, novel methods for the direct polymerizations of ethylene in water for the
preparation of anisotropic polyethylene particles were developed. By free-radical emulsion
polymerization at pressures of several 100 atmospheres dispersions of moderately, randomly
branched polyethylene were generated.79 Cylinder-shaped particles with diameters of ca.
35 nm and thicknesses of 3-4 nm were obtained, while stabilization of the dispersion was
provided by either ionic fragments of the radical initiator attached at the chain ends or by
added surfactants. Another approach was given by the catalytic insertion polymerization of
ethylene with Ni(II) catalyst systems, generating polymer dispersions stabilized with
surfactants.70 Water-soluble polymerization catalysts enable the generation of defined
colloidal polyethylene particle dispersions.11 Hexagonally shaped single crystals of about
6 nm thicknesses and 25 nm lateral extensions were obtained, stabilized by surfactants
physisorbed at their surfaces.13 The approximately perfect polyethylene nanocrystals,
consisting of single crystalline lamellae covered with thin amorphous layers, originate from
the crystallization processes during polymerization, which regulate ordered depositions of the
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growing polymer chains on the nanocrystal growth front (cf. Figure 1.4).12 Annealing
experiments showed, that the size and structure of these nanocrystals can be influenced,
enabling a doubling of the crystalline lamellae.72
A synthetic approach to control the crystalline lamellar structures in polyethylene, both in
bulk or nanostructures, is given by ADMET polymerization of precisely branched ,-diene
monomers (cf. Chapter 1.2). With the precise placement of bulky branches (which are
excluded from the crystalline areas) the lamellar thickness can be significantly influenced,
while the chemical character of the branching groups regulates surface properties. In this
fashion, methyl branched polyethylenes (carrying methyl side groups on every 21st backbone
carbon atom) were synthesized and dispersed in aqueous media, yielding anisotropic, oblate
shaped nanoparticles stabilized by added surfactants.80 However, methyl groups enable an
influence on the lamellae thickness only to some extent, since they are partially incorporated
into the crystalline segments.

Figure 3.1. Concept of a self-stabilized nanocrystal from precisely long-spaced carboxy-substituted polymer
chains. Reprinted with permission from reference 82. Copyright 2013 American Chemical Society.

To provide nanoparticles with defined shape and surface chemistry, a novel concept based
on the direct encoding of the crystal thickness via the polymer molecular structure was
considered (Figure 3.1). A precise placement of hydrophilic groups in constant distances
along the polymer chain can induce regular arrangement of the hydrocarbon chain segments.
Carboxylic acid groups are chosen as branching groups, since these groups are bulky enough
to be completely excluded from the crystalline segments and furthermore enable selfstabilization of nanoparticles in aqueous dispersions, when deprotonated with a base. The
latter principle was demonstrated by Kryuchkov et al. for nanoparticles based on random
ethylene/acrylic acid copolymers, enabling stable dispersions without further addition of
stabilization reagents.81 However, due to the random structure of the copolymer no defined
crystalline structures were formed. To enable thermodynamically stable crystalline lamellar
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structures at room temperature, sufficient distances have to be ensured between the carboxy
branches. Within the following synthetic approach by ADMET polymerization, regular
distances of 44 methylene units between each carboxy branch are intended, resulting in a
polyethylene with carboxylic acid groups attached to every 45th backbone carbon atom.82

3.2 Polymer Synthesis
To generate a precisely functionalized polyethylene carrying carboxylic acid groups on
every 45th backbone carbon atom (which can also be considered as a regularly spaced
ethylene/acrylic acid copolymer with an acrylic acid content of 4.7 mol%), a multistep
synthetic approach was employed to prepare the appropriate ,ω-diene monomer 8, following
the principle synthetic strategy published by Wagener and coworkers for the preparation of
carboxy functionalized polyethylenes with shorter branching distances (Figure 3.2).44,83

Figure 3.2. Synthesis of the precisely functionalized ,ω-diene monomer 8. The acid group is protected as a
3-oxapent-2-yl ester.

Compared to Wagener’s approach, however, longer-chained ,ω-functionalized aliphatic
building blocks are required for synthesis. Here, ethyl erucate was employed as a starting
material, since a desirably long hydrocarbon sequence is present in this fatty acid derivative.
Via isomerizing alkoxycarbonylation60,61 using a diphosphine Pd(II)triflate complex with CO
and ethanol, the long-chain ,ω-diethyl ester 1 was obtained.64 After reduction with LiAlH4 to
the diol 2 (now containing a linear chain of 23 methylene units), Appel bromination was
applied to generate the dibromide 3. Elimination of only one bromide functionality yielded
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the -bromo-ω-vinyl compound 4. The lack of selectivity within this elimination step
inhibited yields above 50%, provoking multiple column chromatography purification
procedures to separate the desired product from the double elimination side product and the
dibromide starting material. Reaction of two equivalents of the -bromo-ω-vinyl building
block 4 with one equivalent of ethyl 3-oxobutanoate yielded the double alkylated -ketoester
5, which was further converted to the ester ,ω-diene 6, functionalized on the central carbon
atom in the C47 hydrocarbon chain. By saponification of the ester group, the carboxylic acid 7
was obtained, which was finally protected as the 3-oxapent-2-yl ester 8 as the monomer for
ADMET polymerization. Protection allows for lower reaction temperatures compared to the
free highly polar carboxylic acid compound (displaying a significantly higher melting point
due to hydrogen bond formation in the solid state) to prevent catalyst decomposition, which
can promote carbon-carbon double bond isomerization and reduce the precisely spaced
character of the resulting polymer (cf. Chapter 1.2).

Figure 3.3. ADMET polymerization of 8 to yield the unsaturated polymer poly-8. The carboxylic acid
functionalized polyethylene C45-COOH is then obtained by deprotection and carbon-carbon double bond
reduction.

The polymerization of 8 was performed using G1 as the olefin metathesis catalyst
precursor in the neat molten monomer at a reaction temperature of 65 °C for two days under
reduced pressure conditions to remove the ethylene byproduct from the reaction equilibrium
(Figure 3.3). A high degree of functional vinyl group conversion was concluded from
1

H NMR spectroscopy by the absence of vinyl proton resonances (Figure 3.4). Analysis of the

molecular weight by GPC (in THF at 40 °C vs. polystyrene standards) of the unsaturated
polymer revealed an apparent molecular weight Mn of 38000 g mol-1 and a molecular weight
distribution Mw/Mn of 3.2. Reduction of the carbon-carbon double bonds and deprotection
occurred simultaneously by reaction with para-toluenesulfonyl hydrazide/tri-n-propylamine
to yield the saturated polymer C45-COOH with a carboxylic acid function precisely placed
on every 45th carbon atom. Full conversion was confirmed by 1H NMR spectroscopy via the
absence of resonances for unsaturated protons and the protecting group (Figure 3.4).
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A conspicuously low solubility of the resulting polymer was observed in non-polar solvents
(even at temperatures above the polymers’ melting point), hindering NMR analysis.

Figure 3.4. 1H NMR spectra of the ,ω-diene monomer 8 (bottom, CDCl3, 400 MHz, 25 °C), the unsaturated
ADMET polymer (center, CDCl3, 400 MHz, 25 °C) and the saturated precisely branched polyethylene C45COOH (top, C2D2Cl4, 400 MHz, 130 °C). Complete dissolution of C45-COOH could not be achieved due to
phase separation, partially occurring in the hot solvent.

Figure 3.5. Left: DSC heating (second cycle) and cooling (first cycle) trace of C45-COOH (heating/cooling
rate: 10 °C min-1). Right: WAXD pattern of C45-COOH.

Analyses of the thermal properties of C45-COOH by DSC measurements emphasize the
polymer’s semicrystalline character, displaying a major melting point at 99 °C (determined
from the second heating cycle) and a heat of fusion ΔH of 100 J g-1 (Figure 3.5, left). In
comparison to C21-COOH (as a precisely branched polyethylene displaying carboxylic acid
groups on every 21st backbone carbon atom reported by Wagener and coworkers), which
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displays a melting point of only 45 °C (ΔH = 42 J g-1),44 ‘doubling’ in length of the regular
methylene spacers between the carboxylic acid branches increases the melting temperature by
44 °C. For randomly carboxy functionalized polyethylenes of ethylene/acrylic acid
copolymerization from insertion copolymerization higher melting points are found compared
to C45-COOH (which corresponds to an ethylene copolymer with an acrylic acid content of
4.7 mol%).84 For contents of 3.0 and 6.4 mol% of acrylic acid in the polyethylene chain,
melting points of 112 °C and 100 °C are found, respectively. Generally, for these copolymers
the same Tm variations between random and regular functional group arrangements are found,
as previously discussed for butyl branched polyethylenes (cf. Chapter 1.3).
The bulk crystalline properties of C45-COOH were further studied by WAXD analysis
(Figure 3.5, right), displaying the two reflexes at 2θ angles of 21.3° and 23.6° in the
appropriate intensity ratio of the orthorhombic crystal structure. Compared to the
orthorhombic WAXD pattern of defect-free polyethylene, the reflexes are slightly shifted
toward smaller angles (for neat polyethylene angles of 21.5° and 23.9° are found, compare
Figure 1.3), following the observations of distorted crystallization for polyethylenes with
bulky substituents.10 The strong disturbing effect of the carboxylic acid groups becomes
further apparent by the distinct amorphous halo.

3.3 Preparation of Polymer Nanocrystals via Nanoprecipitation
For the preparation of self-stabilized nanoparticles via ‘nanoprecipitation’ (Figure 3.6), a
hot solution of C45-COOH in THF was injected into an aqueous cesium hydroxide solution
(0.01 M) with the impact of massive shear forces by ultrasonication for ten minutes without
addition of further stabilized reagents (CsOH was used for carboxylic acid deprotonation to
enable a high contrast in TEM analysis due to the high electron density of the cesium atoms
attached to the particle surfaces).

Figure 3.6. Preparation of self-stabilized polymer dispersions of C45-COOH via nanoprecipitation.
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After ultrasonication for 10 minutes and separation of coagulate by filtration, a polymer
dispersion with a solids content of ca. 1 mg mL-1 was obtained. The dispersion was annealed
at 90 °C for several hours and then dialyzed against pure water to remove excessive CsOH
and THF. The resulting dispersion was analyzed by dynamic light scattering (DLS)
measurements, displaying an average particle diameter by number of ca. 20 nm (Figure 3.7).
Repeating DLS measurements confirmed the colloidal stability of the dispersion over months.

Figure 3.7. DLS trace of nanoparticles C45-COOH nanoparticle dispersions. Number-weighted data shown.
Reprinted with permission from reference 82. Copyright 2013 American Chemical Society.

Figure 3.8. Anisotropic nanoparticles of C45-COOH observed by cryo-TEM analysis.

Figure 3.9. Tilted cryo-TEM images of one single anisotropic C45-COOH nanoparticle displaying the
crystalline habitus (tilting angels of a: 0°, b: 10°, c: 20°, d: 30°, e: 35°, f: 40°). Reprinted with permission from
reference 82. Copyright 2013 American Chemical Society.
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Imaging by transmission electron microscopy (TEM) revealed nanoparticles with sizes
typically in the range of 20 to 50 nm, confirming the results from DLS (note that shape effects
are not appropriately reflected by the DLS method). The majority of nanoparticles are of
distinct anisotropic shape (Figure 3.8). A crystalline habitus with straight edges was further
confirmed by tilting of the samples, pointing out relatively small crystal thicknesses. Here, the
different grey scales of the crystalline particles in the tilted images result from different
viewing angles (Figure 3.9). For anisotropic, flat particles oriented parallelly to the electron
beam, the length of the beams’ path through the particles is significantly longer than for a
perpendicular arrangement. As the electron density of amorphous polyethylene is known to be
virtually the same as for the vitrified, amorphous ice matrix and hydrated carboxy groups also
have a similar electron density as the matrix, only the crystalline lamellae are visible as dark
segments in the TEM images.13

Figure 3.10. Cryo-TEM images of C45-COOH dispersions (a, b), of single crystals parallel to the electron beam
(c, d) and images of C21-COOH dispersions (e, f), and single crystals parallel to the electron beam (g, h).
Reprinted with permission from reference 82. Copyright 2013 American Chemical Society.

Figure 3.11. Polymerization of the ,-diene monomer 9, followed by carbon-carbon double bond reduction
and deprotection to yield C21-COOH.44

Since in the vitrified dispersions the nanocrystals are randomly oriented, the crystal
lamellae thickness can be determined from those particles lying parallelly to the electron
28

3. Self-Stabilized Polyethylene Nanocrystals with Precise Microstructures
beam (Figure 3.10, a-d). Thicknesses of 5 to 6 nm were determined for C45-COOH
nanoparticles, which agree well with the length of the stretched hydrocarbon segments
between the carboxy branches in the zigzag all-trans conformation. To further confirm the
principle of microstructure control, nanoparticle dispersions of C21-COOH44,83 (as a
saturated polyethylene functionalized with carboxy groups on every 21st backbone carbon
atom, Mn = 36000 g mol-1, Mw/Mn = 1.6, Figure 3.11) were prepared in an analogous way
(annealing temperature: 50 °C) and characterized. Imaging by cryo-TEM revealed crystal
thicknesses of only about 3 nm (Figure 3.10, e-h), as expected for the shorter spaced carboxy
branches within the polyethylene chain, compared to C45-COOH nanoparticles. These
findings confirm the principle, that the thickness of non-aggregated nanoscale polymer
crystals can be determined directly by the molecular structure of the constituent polymer, here
via the regular distances between neighboring carboxy groups on the hydrocarbon backbone.
While the hydrocarbon segments generate a single lamella, the carboxy groups are enriched in
the amorphous areas on the particle surface, additionally providing colloidal stability by polar
interactions with the aqueous dispersion medium.

3.4 Polyethylene Nanoparticles in Non-Aqueous Systems
Besides aqueous systems, the formation of crystalline polymer nanoparticles in organic
media is of interest for various reasons. Self-assemblies of block-copolymers based on
crystalline polyethylene and branched hydrocarbon segments were studied for their ability to
act as nucleation sites for crystallization of long-chain paraffins to control viscoelastic
properties of crude oil and middle distillate hydrocarbon fuels.85,86 Here, the linear
polyethylene segments crystallize in a platelet-like core, while the branched segments form
brush layers upon the crystalline phase and enable steric stabilization in the non-polar medium
(e.g. n-decane). Examples for nanoparticle morphology control were given by Schmalz and
coworkers, who observed wormlike micelles with crystalline cores based on the self-assembly
of polystyrene-block-polyethylene-block-poly(methyl methacrylate) triblock terpolymers in
organic solvents like dioxane.87,88 However, examples for neat polyethylene based
nanostructures are scarce. Ronca et al. reported the formation of ultra-high molecular weight
polyethylene (UHMWPE) crystallites on the nanoscale by direct insertion polymerization of
ethylene in toluene.14 Since aggregation and precipitation are usual issues in UHMWPE
synthesis, LLDPE was added as a co-crystallizing agent, enabling the formation of brush-like
structures on the surface of growing UHMWPE crystals for steric stabilization. Investigation
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of the crystalline morphology by scanning electron microscopy (SEM) revealed lamellae
thicknesses of 10 to 20 nm.
In order to elucidate, whether the lamellar thickness of crystalline polyethylene
nanoparticles in non-aqueous dispersions can also be pre-determined by the polymer
molecular structure, a precise polyethylene was prepared, functionalized with a bulky alkyl
ester groups for steric stabilization in organic media. Based on the synthetic approach given in
Chapter 3.2, a 2-ethylhexyl ester functionalized polyethylene was generated by ADMET
polymerization, possessing functional groups on every 45th backbone carbon atom
(C45-COOEtHex). The appropriate ,ω-diene monomer 10 was prepared by esterification of
the carboxylic acid 7 with 2-ethylhexanol via the acid chloride (Figure 3.12).

Figure 3.12. Preparation of the precisely 2-ethylhexyl ester functionalized ,ω-diene monomer 10.

Figure 3.13. ADMET polymerization of 10 to yield the unsaturated polymer poly-10, followed by catalytic
hydrogenation of the carbon-carbon double bonds to yield the saturated, precisely functionalized
C45-COOEtHex.

ADMET polymerization of 10 was performed at 65 °C under reduced pressure conditions
for two days, applying G1 as the olefin metathesis catalyst precursor (Figure 3.13). Molecular
weight analysis by GPC (in THF at 40 °C vs. polystyrene standards) revealed an apparent
molecular weight Mn of 23500 g mol-1 and a molecular weight distribution Mw/Mn of 2.0, as
expected from well-behaved polycondensation reactions. To yield the saturated polyethylene
C45-COOEtHex, the carbon-carbon double bonds were catalytically hydrogenated in a
pressure reactor at 80 °C, applying a hydrogen pressure of 40 bar. As the hydrogenation
catalyst precursor, the Fischer carbene [(PCy3)2Cl2Ru=CHOEt] was used, which was
generated by quenching G1 with a large excess of ethyl vinyl ether. Reaction with H2 is
known to form [RuHCl(H2)(PCy3)2], which is an excellent hydrogenation catalyst.89,90,91
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Complete double bond hydrogenation was revealed by 1H NMR spectroscopy by the complete
absence of olefinic proton signals. In contrast to C45-COOH, C45-COOEtHex displays a
significant solubility in organic solvents at elevated temperatures due to the hydrophobic
character of the 2-ethylhexyl ester groups.
The semicrystalline properties of bulk C45-COOEtHex were analyzed by DSC
measurements, displaying a melting point of 76 °C and a heat of fusion ΔH of 113 J g-1
(Figure 3.14, left). This Tm coincides well with the reported melting points of precisely butyl
branched polyethylenes (Figure 3.14, right and Table 1.3), emphasizing the similar impact of
differently sized, bulky groups on the melting and crystallization behavior in precise
polyethylenes (cf. Chapter 1.3). In comparison to C45-COOH (Figure 3.5, left), the Tm of
C45-COOEtHex is reduced by 23 °C, since no additional polar interactions by hydrogen
bonding can contribute to the overall cohesion energy.

Figure 3.14. Left: DSC heating (second cycle) and cooling (first cycle) trace of C45-COOEtHex
(heating/cooling rate: 10 °C min-1). Right: Peak melting points of precisely butyl branched polyethylenes
(green),36,37,38 together with the Tm of C45-COOEtHex (red), for values cf. Table 1.3. The dashed line is merely
a gruide to the eye.

For investigation, if C45-COOEtHex forms stable crystalline colloidal structures in
organic liquids, the ‘nanoprecipitation’ principle was applied as previously used for C45COOH in basic aqueous solution (cf. Chapter 3.3). As dispersion media toluene (which was
used as a medium for UHMWPE particle synthesis by Ronca et al.14), THF (as a more polar
solvent, which enables facile dissolution of C45-COOEtHex slightly above room
temperature) and iso-octane (as a pure hydrocarbon solvent, which cannot co-crystallize with
linear hydrocarbon chains) were studied. For nanoprecipitation, the polymer was dissolved at
elevated temperature and then injected into an excess of solvent kept at room temperature
with the simultaneous impact of strong shear forces by ultrasonication, to obtain dispersions
with solids contents of ca. 1 mg mL-1. During ultrasonication, the temperature of the
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dispersion medium was kept as constant as possible with an ice/water bath. For all dispersions
turbid mixtures were observed, displaying particle sizes > 1 µm according to DLS
measurements. With subsequent reduction of the solids content in further ultrasonication steps
(via dilution by a factor of 4 in each step), a reduction of particle sizes was observed for THF
based dispersions (Figure 3.15), to reach sizes of ca. 100 nm for solids contents of ca.
1 µg mL-1 (note that for these low solids contents DLS lacks accuracy). Repeated DLS
measurements indicated, that colloidal stability of C45-COOEtHex in THF is limited over
time, resulting in increased particle sizes after two days. Subsequent ultrasonication
reestablished particle sizes of ca. 100 nm.

Figure 3.15. DLS traces of C45-COOEtHex dispersions in THF with solids contents of ca. 1000 µg mL-1 (red),
250 µg mL-1 (green), 63 µg mL-1 (blue), 16 µg mL-1 (black), 4 µg mL-1 (orange), 1 µg mL-1 (pink). Number
weighted data shown.

Figure 3.16. TEM images of C45-COOEtHex nanoparticles in THF with a solids content of ca. 1 µg mL-1.

TEM measurements revealed the presence of nanoparticles in the freshly prepared, highly
diluted THF dispersions, qualitatively confirming the results from DLS analysis (Figure 3.16).
Separated particles with typical diameters of 50 to 100 nm were observed, displaying a
significantly less crystalline habitus than nanoparticles of C45-COOH from aqueous
dispersions (cf. Chapter 3.3), since no clear edges and distinct lamellar structures are visible.
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Consequently, a more amorphous character has to be supposed for these nanostructures (being
also indicated by the noticeable transparence for the TEM carbon grid through the particles),
which might be related to swelling effects, since THF is able to interact and partially dissolve
C45-COOEtHex fragments already at room temperature. Besides isolated particles, also
aggregates on the order of several tens of particles are observed.
In contrast to THF based dispersions, a reduction of the solids contents in toluene and
iso-octane media did not result in smaller particle sizes (as determined by DLS
measurements). Also for very low solids contents particle sizes of ca. 1 µm were obtained,
indicating that no stable colloidal structures for C45-COOEtHex were accessible in toluene
and iso-octane without addition of further stabilization compounds. The overall poor
stabilization of the nanoparticles might be related to an insufficient bulky character of the
2-ethylhexyl ester groups along the precisely functionalized polyethylene chain, compared to
e.g. reported block-copolymer structures with much longer non-crystallizable segments.85,86

3.5 Conclusion
A precisely functionalized polyethylene was prepared by ADMET polymerization of the
,ω-diene monomer 8, which was generated by multistep organic synthesis. The saturated
carboxy functionalized polyethylene possessing carboxy branches on every 45th backbone
carbon atom (C45-COOH) was obtained after deprotection and carbon-carbon double
reduction. The polymer displays thermoplastic properties and crystallizes in a (distorted)
orthorhombic crystal structure of stretched hydrocarbon chains in an all-trans conformation
(cf. Figure 3.5). In an analogous synthetic approach C21-COOH was prepared, carrying
carboxy branches on every 21st backbone carbon atom.44,83 Additionally, ADMET
polymerization of the 2-ethylhexyl ester functionalized ,ω-diene monomer 10 followed by
double bond hydrogenation resulted in a polyethylene, possessing bulky 2-ethylhexyl ester
groups on every 45th backbone carbon atom (C45-COOEtHex).
Self-stabilized polymer dispersions of C45-COOH and C21-COOH were obtained by
‘nanoprecipitation’ in basic aqueous medium, displaying colloidal stability over months.
Anisotropic nanoparticles with platelet-like shape were obtained by TEM measurements and
verified by tilting experiments. From particles lying parallelly to the electron beam,
thicknesses of 5-6 nm and ca. 3 nm were obtained for nanoparticles of C45-COOH and C21COOH, respectively, which were related to crystalline, single lamellae (as previously
observed for nanocrystals generated by insertion polymerization of ethylene in aqueous
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systems13). These particle thicknesses correspond well with the defined distances of 44 and 20
methylene units between carboxy branches in the corresponding precisely functionalized
polymers. These findings confirm the concept of shape and thickness control in single crystal
polymer nanoparticles via the molecular chain microstructure, originating from the existence
of branches in precise distances via the ADMET polymerization approach (Figure 3.17).
Anisotropic nanoparticles with platelet-like shape appear attractive as building blocks or
nucleating agents for nano-structured assemblies of longer scaled dimensions. The carboxy
groups present on the particle surfaces additionally enable surface functionalization by
chemical modifications.

Figure 3.17. Schematic representation of the control over the lamellar thickness of self-stabilized single
polyethylene nanocrystals via the polymer microstructure (left) and cryo-TEM images of nanocrystals of C21COOH and C45-COOH oriented parallel to the electron beam (right). Carboxylic acid branches are drawn as
blue spheres. Reprinted with permission from reference 82. Copyright 2013 American Chemical Society.

Nanoparticles of C45-COOEtHex were obtained in THF as the dispersion medium.
However, a clear evidence for anisotropy and particle crystallinity control was not observed to
date. Swelling effects by the organic solvents together with an inadequate steric stabilization
provided by the 2-ethylhexyl ester functionalities might be related to a significantly reduced
crystalline character and only limited colloidal stability over time of these nanoparticle
dispersions in organic dispersion media.
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Long-Spaced Aliphatic Polyesters

4.1 Introduction
Concerning fatty-acid based aliphatic polycondensates, especially long-chain polyesters
(containing up to 26 methylene units between the ester groups) are of particular current
interest. These polyesters are thermoplastic materials with melting points roughly around
100 °C and are processable by injection molding, film extrusion and electrospinning.66 Due to
the long linear hydrocarbon segments, crystallization of such polyesters in principle can
follow polyethylene crystallization, forming orthorhombic crystal structures.63,64,92 Besides
the high melting points and hydrophobicity, also the mechanical properties of these polymers
resemble polyethylene materials. Typically Young’s moduli of 400-500 MPa are found for
long-chain polyesters66,93,94 (being intermediate to standard LDPE and HDPE materials2).

Figure 4.1. Common methods to synthesize long-chain polyesters.

Long-chain polyesters can be synthesized by A2+B2-polycondensation of ,-diols and
,-diesters (or ,-diacids) containing long aliphatic hydrocarbon segments, via
AB-polycondensation of -hydroxy carboxylic acids, or by ring opening polymerization of
large-ring lactones (Figure 4.1). While for AB-type and ring-opening polymerizations
molecular weights up to 105 g mol-1 are achievable, A2+B2-polycondensation reactions
generally provide molecular weights on the order of 104 g mol-1, since besides relevant side
reactions also the requirement of exact adjustment of a 1:1 stoichiometry of both monomers
limits conversion (cf. ‘Carothers’ Equation’ in Chapter 1.2).
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Table 4.1. Melting points of selected long-chain polyesters.a
Compound
PE-18,18

Melting Point (°C)

95

95

PE-19,1963, 64

108

63,64

108

PE-20,20
PE-23,23

103

50

PE-26,2696
a

114

Determined by DSC (second heating cycle).

By polymerization of the appropriate monomers, polyester-18,18 (PE-18,18, generated by
polycondensation of 1,18-diol and 1,18-diester),95 PE-19,19,63,64 PE-20,20,50 PE-23,2363,64
and PE-26,2696,97 were generated. Regarding the thermal properties of these polyesters, an
increase of the melting points can be observed with increasing length of the aliphatic
hydrocarbon segments within the polymers (Table 4.1). Though, these polymer are nominated
as ‘polyethylene-like’ in literature, their melting points still remain considerably below linear
polyethylene (Tm = 134 °C).34 An attempt to close this gap was made by Cho and Lee, who
synthesized PE-30,30, displaying a melting point of 113 °C.98 The linear 1,30-diester and
1,30-diol monomers were generated by Grignard coupling of a 1,8-octyldimagnesium
bromide with two equivalents of ethyl 11-iodoundecanoate (Figure 4.2).

Figure 4.2. Synthetic approach of Cho and Lee to generate linear C30 compounds as monomers for the synthesis
of PE-30,30.98

A further synthetic strategy to yield long-chain diols for polycondensation reactions was
given by Le Fevere de Ten Hove (Figure 4.3, left).99 Via multistep syntheses, C22- and
C44-diol were generated applying radical Wurtz coupling of iodide compounds to double the
aliphatic chains in their lengths. Polycondensation of C44-diol with glutaric acid yielded
PE-44,5, showing a melting point of 100-102 °C.92 Brooke and coworkers presented an
approach to synthesize very long aliphatic ,-diacids, applying a Wittig reaction for the
stepwise coupling of aliphatic compounds (Figure 4.3, right).100 While after two synthetic
coupling cycles C50-diacid was generated, after four cycles even C194-diacid became available.
However, these synthetic strategies demonstrate, that the longer the hydrocarbon sequence in
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the final ,-functionalized linear monomers are chosen, the more tedious preparative
synthesis become.

Figure 4.3. Synthesis of C22- and C44-diol via multistep synthesis given by Le Fevere de Ten Hove (left)99 and
preparation of C50- and C194-diacid reported by Brooke and coworkers (right).100

Hodge and coworkers showed, that polyesters are also available by polycondensation of
dicarboxylates with dibromo compounds.101 Short-chain linear diacids were deprotonated
using sodium hydroxide or tetra-n-butylammonium hydroxide and reacted with aliphatic
dibromides in a chloroform/water two-phase system under vigorous stirring with tetra-nbutylammonium salts as phase transfer catalysts (Figure 4.4). Polyesters with molecular
weights Mn between 3000 and 27000 g mol-1 were accessible by this polymerization
technique.

Figure 4.4. Polycondensation of dicarboxylates with dibromides in a chloroform/water two-phase system.101
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4.2 Synthesis and Thermal Properties of Ultralong-Chain Polyesters
In the last years, olefin self-metathesis was established as an elegant approach to generate
long aliphatic sequences. Inci and Wagener described self-metathesis of long-chain -bromo-vinyl compounds to synthesize C38-,-dibromo building blocks for the synthesis of diene
monomers.38 Applying such dibromo compounds, the polymerization method of Hodge and
coworkers101 appears as an attractive method to generate novel long-chain and ultralong-chain
model polyesters.

Figure 4.5. Self-methathesis of 4 followed by hydrogenation to yield the C44-,-dibromide 12.

Self-metathesis of the -bromo--vinyl building block 4 (cf. Chapter 3.2) makes C44-,dibromide 12 available (Figure 4.5). Self-metathesis was performed using G1 as the olefin
metathesis catalyst precursor under vacuum conditions (to remove the ethylene byproduct) to
yield the unsaturated C44-,-dibromide 11 in quantitative yield. Carbon-carbon double bond
hydrogenation with hydrogen and Pd(0) on charcoal in a pressure reactor yielded the saturated
dibromide 12. The long hydrocarbon segment within this compound becomes noticeable in
the pronounced crystalline character and the low solubility in organic solvents at room
temperature, enabling analysis by 1H NMR spectroscopy only at elevated temperatures.

Figure 4.6. 1H NMR spectrum (CDCl3, 400 MHz, 25 °C) of PE-6,10 obtained from polycondensation of sebacic
acid with 1,6-dibromohexane.
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To verify the results of Hodge and coworkers, first polycondensation experiments were
performed with sebacic acid and 1,6-dibromohexane (cf. Figure 4.4). While with sodium
hydroxide as the deprotonation reagent and tetra-n-butylammonium bromide as a phase
transfer catalyst in the chloroform/water mixture only low conversions to short-chain
oligomers were obtained, the application of tetra-n-butylammonium hydroxide to deprotonate
the diacid yielded PE-6,10 with better conversions. End-group analysis by 1H NMR
spectroscopy displayed a ratio of methylene protons adjacent to the chain end (CH2Br and
CH2OH endgroups from the hydrolysis of the bromide functionality, while the signal for
CH2COOH endgroups is superimposed by the methylene signal adjacent to the ester assigned
as signal no. 2, cf. Figure 4.6) to methylene protons adjacent to internal ester groups of 1:18
after a reaction time of 90 hours. The polyester’s melting point of 69 °C (Tc = 50 °C;
H = 129 J g-1) measured by DSC agrees with expected values from A2+B2 polycondensation
of diols and diacids.102

Figure 4.7. 1H NMR spectrum (C2D2Cl4, 400 MHz, 130 °C) of PE-23,44 obtained from polycondensation of
C23-diacid (13) with 1,44-dibromide (12).

However, all attempts for polycondensation of the longer-chain C44-dibromide 12 with
C23-diacid 13 (generated by hydrolysis of the corresponding diester 1 with potassium
hydroxide) to generate PE-44,23 yielded only short-chain oligomers, as indicated by the
significant number of bromide endgroups detected by 1H NMR spectroscopy (Figure 4.7).
Optimizations of the reaction conditions could not increase the polymerization degrees
significantly. A reason for the unsatisfying polymerization results may be given by the
insufficient solubility in organic solvents even at elevated temperatures (due to the highly
crystalline character of the long hydrocarbon chain), hindering efficient phase transfer
catalysis. Also bromide hydrolysis (via substitution reaction of the bromide with water)
becomes more relevant, since alcohol groups virtually cannot react with carboxylates in a
39

4. Long-Spaced Aliphatic Polyesters
substitution reaction. Nevertheless, for the low molecular weight PE-44,23 a melting point of
111 °C (Tc = 90 °C; H = 176 J g-1) was obtained, approaching melting temperatures of the
other published long-chain polyesters (like PE-30,30, Tm = 113 °C).98 Since the
dicarboxylate/dibromide polycondensation method could not yield ultralong-chain polyesters
with satisfying molecular weights, other synthetic strategies were considered.

Figure 4.8. ADMET copolymerization of the ester functionalized diene 14 to yield random PE-20,20 after
double bond hydrogenation.50

ADMET polymerization of the ester functionalized ,-diene 14 was reported in several
publications, yielding unsaturated polyesters with molecular weights Mn on the order of
104 g mol-1.49,50,103,104 Carbon-carbon double bond hydrogenation of the unsaturated polyester
from polymerization of 14 with G1 as olefin metathesis catalyst precursor yielded PE-20,20
(Figure 4.8), where the ester groups are oriented in a random fashion, since the catalyst shows
the same reactivity toward both the vinyl functionalities in the non-symmetric diene
monomer.50 Consequently, the formation of segments of 18, 19 or 20 methylene units occurs.
Due to the irregular structure, a melting temperature difference of 5 °C was observed between
the randomly oriented ADMET PE-20,20 (Tm = 103 °C) and the regular A2+B2 PE-20,20
(Tm = 108 °C), generated by polycondensation of a C20-diol with a C20-diacid.
Based on the principle of chain length doubling by olefin cross metathesis reactions, novel
,-dienes were synthesized from condensation reaction of C23-diacid 13 with -bromo-vinyl compounds, containing 9, 18 and 21 methylene units, respectively (compounds 16, 19
and 4; Figure 4.9), acting as monomers for the synthesis of ultralong-chain aliphatic model
polyesters by ADMET polymerization.96 The diacid compound was deprotonated using tetran-butylammonium hydroxide in water and then reacted with the bromides in a substitution
reaction, yielding the ester functionalized dienes 21, 22 and 23, respectively. As a second
long-chain diacid, C26-diacid 20 was prepared by self-metathesis of erucic acid using HG2 as
the olefin metathesis catalyst precursor as described by Meier and coworkers,97 followed by
hydrogenation of the internal carbon-carbon double bond with hydrogen and Pd(0) on
charcoal in a pressure reactor. Based on the C26-diacid 20, the dienes 24, 25 and 26 were
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obtained as monomers. 11-Bromoundec-1-ene 16 was prepared by Appel bromination of
10-undecenol 15 with tetrabromomethane and triphenyl phosphine, while the -bromo-vinyl compound 19 was generated by multistep synthesis as described by Inci and Wagener.38
Since the prepared ester containing ADMET monomers are symmetrically constituted,
random ester orientation is not of relevance for the resulting polyesters.

Figure 4.9. Top: Synthesis of the -bromo-ω-vinyl compound 19.38 Bottom: Preparation of long-chain ester
functionalized dienes for ADMET polymerization.

Figure 4.10. ADMET polymerization of the ester-functionalized diene monomers, followed by hydrogenation of
the carbon-carbon double bonds to yield ultralong-chain polyesters.

First ADMET polymerization attempts of the variously long-chained ester functionalized
dienes under solvent-free conditions in the neat molten monomers only yielded short-chain
oligomers (mainly di- and trimers), since reaction mixtures solidified within the first minutes
of polymerization. Due to the comparably high melting points of the unsaturated ADMET
polymers (cf. Table 4.2), reaction temperatures partially above 100 °C would be required to
keep the reaction mixtures liquefied, increasing the probability of unfavorable isomerization
side reactions, which would reduce the precise character of the resulting polyesters
(cf. Chapter 1.2). Therefore, ADMET polymerizations were performed in concentrated xylene
solutions, allowing for lower polymerization temperatures (ca. 100 mg monomer in 0.5 mL of
dry xylene, Figure 4.10). Polymerizations were carried out for 24 hours using G1
(ca. 2 mol%) as the olefin metathesis catalyst precursor at reaction temperatures of 65 °C
under reduced pressure conditions (dynamic vacuum of 100 mbar, reduced to 0.1 mbar over a
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period of 5 hours) to remove the ethylene byproduct from the reaction equilibrium and to
evaporate the solvent in a controlled fashion.

Figure 4.11. 1H NMR spectra of the diene monomer 23 (top; CDCl3, 400 MHz, 25 °C), the unsaturated poly-23
(center; CDCl3, 400 MHz, 25 °C) and the saturated PE-44,23 after hydrogenation (bottom; C2D2Cl4, 400 MHz,
130 °C).
Table 4.2. Molecular weights and thermal properties of ultralong-chain model polyesters generated by ADMET
polymerization and post-hydrogenation.
Mna

Mnb

Mw/Mnb

Unsaturated Polyesters

Saturated Polyesters

H

Tmc

Tcc

H

(°C)

(J g-1)

(°C)

(°C)

(J g-1)

80

66

130

100

84

165

2.3

96

79

115

109

91

182

9500

2.1

100

84

134

111

94

176

8400

5100

1.9

86

74

151

103

88

190

PE-38,26

10500

5600

2.4

99

79

162

111

91

193

PE-44,26

7300

3800

2.4

99

83

178

110

93

197

Compound

-1

-1

(g mol )

(g mol )

NMR

GPC

PE-20,23

6700

3300d

2.0d

PE-38,23

14000

12100

PE-44,23

16000

PE-20,26

a

(GPC)

1

Tmc

Tc

(°C)

c

b

Determined by endgroup analysis from H NMR spectroscopy. Determined by GPC in 1,2,4-trichlorobenzene
at 160 °C versus polyethylene standards. c Determined at a heating/cooling rate of 10 °C min-1. Peak Tm
determined from the second heating cycle. d PE-20,23 showed sufficient solubility in THF at room temperature
to enable GPC measurements in THF vs. polystyrene standards. A molecular weight M n of 12700 g mol-1 and
molecular weight distribution Mw/Mn of 2.1 was found.

High conversions for the polymerizations were obtained from 1H NMR spectroscopy, as
exemplary shown for unsaturated poly-23 in Figure 4.11. Only signals for internal olefinic
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protons are obtained, while the signals for vinyl protons are virtually not visible any more.
The unsaturated polymers were hydrogenated to the saturated polyesters in toluene at 70 °C in
a pressure reactor, applying a hydrogen pressure of 40 bar. As the hydrogenation catalyst
precursor, the Fischer carbene [(PCy3)2Cl2Ru=CHOEt] was used (as previously described in
Chapter 3.4). Complete double bond hydrogenations were confirmed by

1

H NMR

spectroscopy, displaying no residual proton signals in the olefinic region between 5 and
6 ppm (as exemplary shown for saturated PE-44,23 in Figure 4.11). By NMR spectroscopy,
the molecular weights of the obtained saturated ultralong-chain model polyesters were
determined, calculating the signal integral ratios of the methyl proton endgroups (triplet at
0.88 ppm) versus the internal methylene units. Molecular weights Mn between 6700 and
16000 g mol-1 were calculated from NMR (Table 4.2). Molecular weight determination by
GPC (in 1,2,4-trichlorobenzene at 160 °C vs. polyethylene standards) displayed values
between 3300 and 12100 g mol-1 with molecular weight distributions Mw/Mn around 2, as
usually found for polycondensation step growth reactions.

Figure 4.12. DSC heating (second cycle) and cooling (first cycle) trace of PE-38,23 (left) and PE-44,23 (right).
Heating/cooling rate: 10 °C min-1.

The thermal properties of the synthesized unsaturated and saturated polyesters were
analyzed by DSC measurements (Table 4.2). Sharp and distinct melting transitions were
found for all polyesters (Figure 4.12). For the unsaturated polyesters, melting points between
80 and 100 °C were observed, while the melting temperatures were raised to values between
100 and 111 °C after hydrogenation of the carbon-carbon double bonds (which disturb
polymer chain crystallization). Also an increase in the heat of fusion H was obtained, which
can be related to crystallinities of ca. 60% for the saturated polyesters (compared to 100%
crystalline polyethylene with H = 293 g mol-1, compare Chapter 1.1).5 The increase in
crystallinity after hydrogenation also becomes noticeable in the solubility properties of the
polyester compounds. While for the unsaturated polymers NMR analysis in chloroform was
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still possible at room temperature, measurements of the saturated polyesters had to be
performed in 1,1,2,2-tetrachloroethane at 130 °C.

Figure 4.13. Left: Plot of the melting points of saturated PE-X,23 vs. the chain length of the diol compound.
Right: Plot of the melting points of saturated PE-X,23 vs. the number of ester groups per 1000 methylene units.

Regarding the melting points of the saturated PE-X,23 compounds together with other
polyesters based on C23-diacid/diester with diols of different aliphatic chain lengths (the X
represents the number of methylene units in the diol compound),96 slight increases in the
melting temperatures are observed (Figure 4.13, left). The increasing melting points are
related to growing intermolecular interactions within the crystalline segments, since
decreasing contents of ester groups (acting as disturbing units in hydrocarbon chain
crystallization) increase the overall van-der-Waals interactions in hydrocarbon dominated
crystals.
If the diagram of PE-X,23 (melting points vs. the number of methylene units in the diol
component) is however drawn in a different way, namely by plotting Tm vs. the number of
ester groups per 1000 methylene units (Figure 4.13, right), the still enormous gap between the
ultralong-chain polyesters prepared (PE-38,23 contains 33.9 and PE-44,23 contains 30.8 ester
groups per 1000 methylene units) and linear polyethylene (0 ester group per 1000 methylene
units) becomes particularly evident.

4.3 Synthesis of Long-Spaced Polyesters from ADMET Copolymerization
In order to quantify the physical properties of even longer-spaced polyesters, numerous
monomers with even longer hydrocarbon segments for classical A2+B2 or ADMET
polycondensation approaches would be required, each one tedious in itself to prepare. To
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overcome this issue, ADMET copolymerization was employed, applying the ester containing
,ω-diene 14 together with the non-functionalized ,ω-diene 28 to yield highly ‘diluted’
polyesters.105 14 was generated by condensation of 10-undecenol 15 with undec-10-enoic acid
27 using catalytic amounts of Ti(OnBu)4 as a Lewis acid, while the pure hydrocarbon diene
28 was synthesized from 10-undecenyl bromide 16 by elimination of the bromide function
with potassium tert-butoxide (Figure 4.14).

Figure 4.14. Synthesis of the ester-functionalized diene 14 and the non-functionalized diene 28 for ADMET
copolymerization

Figure 4.15. ADMET copolymerization of the ester functionalized diene 14 with the non-functionalized diene
28 to yield unsaturated copolymers ‘PE-X’, which were then hydrogenated to the saturated polyesters ‘PE-XH’
containing 52.6 to 0 ester groups per 1000 methylene units (calculated from the initial monomer ratios). The
additional ‘H’ indicates hydrogenated polyesters.

Defined ratios of the neat monomers were polymerized using 0.5 mol% G1 as the olefin
metathesis catalyst precursor (Figure 4.15). Since the catalyst does not differentiate between
the ester and the non-functionalized monomers (the distances between the vinyl groups and
the ester group in 14 is so large that steric and electronic effects do not influence the reactivity
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of the catalyst in the olefin metathesis reaction to any significant extent), both dienes are
statistically incorporated in the growing polymer chains, resulting in a random distribution of
the ester groups.40 The copolymerizations were carried out for 2 days under reduced pressure
conditions to remove the ethylene product from the reaction equilibrium. Since the nonfunctionalized diene is relatively volatile, the polymerizations were started at a temperature of
40 °C and a pressure (dynamic vacuum) of 100 mbar. With the formation of oligomers,
reaction temperatures were increased stepwise to 65 °C during the first 2 hours of
copolymerization to prevent the growing polymer chains from crystallization, while the
pressure was simultaneously reduced to 0.1 mbar. In this way, unsaturated (co)polymers were
generated (Table 4.3) with ester contents between 52.6 ester groups per 1000 methylene units
(corresponding to the homopolymer of the ester monomer 14) and 0 ester groups
(corresponding to the non-functionalized monomer 28). Since 14 contains 8 and 9 methylene
units between the ester and the vinyl functionalities, at least 18 methylene units remain
between two ester moieties, if this monomer is incorporated consecutively during
copolymerization.

Figure 4.16. 1H NMR spectra of unsaturated polyester PE-44.8 (top, CDCl3, 400 MHz, 25 °C) and the
corresponding saturated polyester PE-44.8H (bottom, C2D2Cl4, 400 MHz, 130 °C). Reprinted with permission
from reference 10512. Copyright 2013 American Chemical Society.
1

H NMR spectroscopy of the unsaturated copolymers indicated a high degree of vinyl

group conversion as concluded by the absence of vinyl proton signals (Figure 4.16, top). Endgroup analysis revealed molecular weights Mn on the order of 104 g mol-1. The compositions
of the unsaturated polymers were determined from the ratio of the methylene protons adjacent
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to the ester groups to all proton resonances. In all copolymers, the compositions were found to
be identical to the initial monomer ratios within experimental error (Table 4.3).
Table 4.3. Composition and molecular weights of long-spaced ADMET polyesters prepared.

Compound

Monomer

Monomer

28

14

(mol%)

(mol%)

Theor.

Found

Ester

Ester

Groups

Groups

per 1000

per 1000

Methylene

Methylene

Unitsa

Unitsb

Mnc
(g mol-1)

Mnd
Mw/Mn c

GPC

(g mol-1)
NMR

PE-52.6(H)

0

100.0

52.6

52.6

7600

2.0

13000

PE-44.8(H)

27.0

73.0

44.8

44.4

8800

2.2

15500

PE-40.1(H)

39.8

60.2

40.1

40.0

6800

2.0

13500

PE-36.2(H)

48.9

51.1

36.2

35.2

10300

2.0

14000

PE-28.6(H)

63.9

36.1

28.6

29.5

7000

1.9

11600

PE-23.3(H)

72.6

27.4

23.3

24.2

7400

2.3

11100

PE-19.1(H)

78.8

21.2

19.1

19.5

8300

2.1

10700

PE-14.1(H)

85.2

14.8

14.1

14.0

10300

2.0

10200

PE-10.7(H)

89.2

10.8

10.7

11.3

9100

2.2

10100

PE-5.5(H)

94.8

5.2

5.5

5.9

9000

2.2

10900

PE-4.2(H)

96.1

3.9

4.2

4.4

7000

2.5

8900

PE-3.2(H)

97.0

3.0

3.2

3.5

9900

2.5

10800

PE-0.9(H)

99.1

0.9

0.9

1.1

9900

2.8

10000

PE-0.0(H)

100.0

0.0

0.0

0.0

10000

2.4

9200

a

Calculated from the monomer weight ratio applied. b Determined by 1H NMR spectroscopy of the unsaturated
copolymer. c Determined by GPC in 1,2,4-trichlorobenzene at 160 °C versus polyethylene standards of the
saturated polyesters. d Determined by endgroup analysis from 1H NMR spectroscopy of the saturated polyesters.

For the hydrogenation of the remaining carbon-carbon double bonds, the Fischer carbene
[(PCy3)2Cl2Ru=CHOEt] was employed as the catalyst precursor, as previously used for
hydrogenation of unsaturated ultralong-chain polyesters. Hydrogenations of the ADMET
copolymers were performed for 2 days at 110 °C in toluene with a hydrogen pressure of
40 bar. For hydrogenation of the non-functionalized 28 homopolymer PE-0.0, a reaction
temperature of 140 °C and xylene as the solvent were chosen. The high reaction temperatures
were necessary to prevent the saturated polyesters from crystallization during the
hydrogenation process and consequently ensure full conversion. In this fashion, saturated
polyesters with ester contents between 52.6 and 0 ester groups per 1000 methylene units were
obtained. Complete hydrogenation was confirmed by the absence of resonances for
unsaturated methine protons in the region of olefinic proton resonances (Figure 4.16, bottom).
Molecular weights of the saturated polyesters were determined by 1H NMR endgroup analysis
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and by GPC (in 1,2,4-trichlorobenzene versus polyethylene standards; Table 4.3). Molecular
weights Mn typically around 104 g mol-1 and molecular weight distributions around 2 were
determined.
Table 4.4. Thermal properties of saturated long-spaced ADMET polyesters.a
Compound

Tm (°C)

Tc (°C)

ΔH (J g-1)

Compound

Tm (°C)

Tc (°C)

ΔH (J g-1)

PE-52.6H

100

85

192

PE-14.1H

125

107

230

PE-44.8H

103

89

206

PE-10.7H

126

109

233

PE-40.1H

107

91

216

PE-5.5H

129

112

263

PE-36.2H

110

94

220

PE-4.2H

130

113

254

PE-28.6H

114

98

224

PE-3.2H

131

114

231

PE-23.3H

117

101

256

PE-0.9H

133

115

229

PE-19.1H

120

104

249

PE-0.0H

134

117

261

a

-1

Determined by DSC at a heating/cooling rate of 10 °C min . Peak Tm determined from the second heating
cycle.

Figure 4.17. Normalized DSC heating curves of long-spaced ADMET polyesters PE-52.6H to PE-0.0H (second
heating cycles shown, heating rate: 10 °C min-1). Reprinted with permission from reference 105. Copyright 2013
American Chemical Society.

4.4 Thermal and Crystalline Properties of Long-Spaced Polyesters
The thermal properties of the model polyesters were analyzed by DSC measurements.
While for the unsaturated polyesters melting points between 40 and 60 °C were observed,
hydrogenation of the carbon-carbon double bonds increased the melting temperatures
significantly (Table 4.4). With decreasing ester contents Tm between 100 °C (for PE-52.6H)
and 134 °C (for PE-0.0H) were found. The latter agrees well with melting temperatures
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reported for linear polyethylene with molecular weights on the same order.34 The ADMET
copolymerization approach consequently provides a useful synthetic method to adjust the
polyester melting and crystalline properties directly from the monomer ratio used for
copolymerization.

Figure 4.18. WAXD patterns of PE-28.6H (left) and PE-4.2H (right).

For all saturated ADMET polyesters rather narrow melting and crystallization transitions
were found (Figure 4.17). The heats of fusion ΔH increase from values around 200 J g-1 for
PE-52.6H (being comparable to heats of fusion of long- and ultralong-chain polyesters from
A2+B2 polycondensation and ADMET polymerization, respectively) to 261 J g-1 for pure
polyethylene. Such rather high crystallinities (up to 89%) appear reasonable, given the
perfectly linear microstructure and the limited molecular weight Mn of 104 g mol-1, which
facilitates crystallization compared to higher molecular weight polyethylenes prepared by
insertion polymerization.
As observed for long-chain aliphatic polyesters from classical polycondensation
approaches,63,64,92 also for ADMET generated long-spaced polyesters orthorhombic crystal
structures are found from WAXD measurements. Typical reflexes at 2 angles of 21.4° for
the 110 plane and 23.8° for the 200 plane with the appropriate intensity ratio are measured for
PE-28.6H and PE-4.2H (Figure 4.18), illustrating the polyethylene-related crystalline
character of these materials. Compared to the WAXD pattern of linear polyethylene (cf.
Figure 1.3), minimal shifts toward smaller 2 angles are observed, which can be accounted
for the disturbing effect of ester groups. The orthorhombic crystalline structure was also
confirmed by IR spectroscopy, displaying the characteristic Davidov splitting for the CH2
scissoring vibration at 1472-1473 cm-1 and 1462-1463 cm-1 and the CH2 rocking vibration at
730-731 cm-1 and 718-720 cm-1 (Figure 4.19).
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Figure 4.19. IR spectra of selected saturated ADMET polyesters (insets are focused on the areas of the CH 2
scissoring and CH2 rocking vibrations).

Figure 4.20. Molecular and supramolecular structure of PE-22,4 according to SAXS and NMR reported by
Schmidt-Rohr and coworkers. Reprinted with permission from reference 106. Copyright 2007 American
Chemical Society.

Schmidt-Rohr and coworkers extensively studied the crystalline properties of the longchain polyester PE-22,4 (prepared from A2+B2 polycondensation of linear 1,22-diol and
succinic acid, Tm = 92 °C).106 Analysis by SAXS and solid-state NMR techniques provided a
detailed picture of chain arrangements within the crystalline lamellar structure on a ca. 10 nm
scale (Figure 4.20). While the polymer chains of PE-22,4 mainly crystallize in an all-trans
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conformation, the ester groups are built into the crystalline hydrocarbon lattice, influencing
crystal thickness, tilt angles and distances between the polymer chains. The ester groups form
layers within the crystalline phase, originating from polar intermolecular interactions. 107 By
the incorporation of ester groups in the polyethylene-like crystal lattice, the ester groups
evoke a disturbing effect, reducing the overall cohesion energy of the polymer crystals and
resulting in lower melting points compared to linear polyethylene. This loss cannot be
compensated by the additional intermolecular interactions originating from polar group
layering.
Regarding the random ADMET polyesters as copolymers of methylene units (CH2) and
ester units (C(=O)O), with the ester units acting as defects, well-known theories for the
melting and crystallization behavior of random copolymers become applicable. The inclusion
model of Sanchez and Eby describes the crystalline state for copolymers consisting of A and
B units, where the A units crystallize in a lattice and the B units are assumed to be included in
both the crystalline and the non-crystalline phases (Figure 4.21, left).108

Figure 4.21. Sketches of polymer crystals (from crystalline A units) indicating the location of B units () in the
crystalline segments according to the Sanchez-Eby model (left) or excluded from the crystalline segments
acccording to the Flory theory (right).

The contrary model of Flory describes the complete exclusion of B units from the
crystalline phase of A units in the copolymer (Figure 4.21, right).109 While the Flory model
can be applied to copolymers of ethylene or propylene with longer-chained 1-olefins (where
the bulky branches are excluded from the crystalline phase),38,110 this model is often
insufficient in dealing with ethylene copolymers with low contents of small B units due to the
inadequate assumption, that these units are completely excluded from the crystalline phase, as
exemplary shown for copolymers of ethylene and vinyl chloride.111 Consequently, the
Sanchez-Eby model appears more suitable for random ADMET polyesters, displaying
polyethylene-related crystallization behavior. For several other polyester copolymers like
poly(-hydroxybutyrate-co--hydroxyvalerate)

copolymers112

or

poly(hexamethylene

sebacate-co-hexamethylene adipate) copolymers113 this model provided suitable fits to
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experimental data. According to the Sanchez-Eby model, the melting point depression with
respect to the mole fraction of the ester groups should follow the relationship
𝑇𝑚 = 𝑇𝑚0 (1 −

𝜀
2𝜎
𝑋
−
𝐸
0
0 ),
∆𝐻𝑚
∆𝐻𝑚
𝑙

(2)

where Tm is the melting temperature of the copolymer, Tm0 is the equilibrium melting
temperature and ΔHm0 is the heat of fusion for linear polyethylene, XE is the mole fraction of
ester units (-C(O)O-) in the copolymer (accordingly, the mole fraction of methylene units
(-CH2-) is XM = 1 – XE),  is the surface free energy of the crystal surface and l is the
lamellae thickness (assuming the ester groups mole fraction in the crystalline phase to be the
same as in the overall polymer composition). Ester groups incorporated into the crystal lattice
as defects create an energy penalty , which reduces the crystal packing energy by the defect
free energy.114 Indeed, a plot of the melting points Tm of the random ADMET polyesters
versus the mole fraction of ester XE is linear (Figure 4.22), corresponding to
𝑇𝑚 = (133 − 683 ∗ 𝑋𝐸 ) °𝐶.

(3)

Figure 4.22. Peak melting point (Tm) of randomly long-spaced polyesters (green), and PE-X,23 with X = 44, 38,
23, 20, 19, 12, 6 for comparison (white), 96 vs. composition in ester groups per 1000 methylene units and mole
fraction XE.

As discussed for the irregularly and regularly oriented PE-20,20 (generated by ADMET
homopolymerization of 14 (Figure 4.8) and A2+B2 polycondensation, respectively),50 regular
polyesters from classical polycondensation approaches typically melt at slightly higher
temperatures than random long-spaced polyester with the same degree of ester
functionalization. This effect is clearly observed for the random ADMET polyesters
compared with regular PE-X,23 polyesters (with X = 44, 38, 23, 20, 19, 12, 6; Figure 4.22),
being related to the polar group layering tendency within the crystalline lattice. For
homogeneous spacing in the case of regularly spaced polyesters, the details of one ester layer
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can be reproduced in the neighboring ester layers in the same crystal by the orientation of the
ester dipoles (cf. Figure 4.20).106 In this way, segments of defect-free crystalline hydrocarbon
segments are established in the polymer lattice, increasing the overall cohesion energy
(compared to polyesters with random ester distributions). For longer regularly spaced
polyesters this effect appears to diminish.

4.5 Conclusion
In summary, a synthetic approach to generate ultralong-chain model polyesters was
established, applying multi-step organic synthesis to prepare symmetrical, ester functionalized
,ω-dienes, which were polymerized by ADMET polymerization, followed by exhaustive
double bond hydrogenation. Melting points between 100 °C and 111 °C were observed. These
numerical values might be influenced slightly by the synthetic approaches applied. The
melting point of PE-20,23 (from ADMET polymerization) remains several degrees below
PE-19,23 and PE-23,23, which were synthesized by classical A2+B2 polycondensation.
Though G1 was used in the ADMET polymerizations, the occurrence of minimal double bond
isomerization effects, leading to irregularity, cannot be positively excluded to occur in olefin
metathesis chemistry (though no variations in the number of methylene units were evident
from 1H NMR spectroscopy). Also the effect of low molecular weights on the melting points
has to be considered. As discussed by Wagener and coworkers, a discrepancy of ca. 3 °C for
polyethylene with a molecular weight Mn of 2400 g mol-1 and 15000 g mol-1 was observed (cf.
Table 1.2).115 Since the molecular weights of some ultralong-chain ADMET polyesters
synthesized do not exceed 10000 g mol-1 also some small effect on the melting points can be
related to this issue. To what extent, however, molecular weights and thermal data from
literature are absolutely reliably, is often disputable. As an example, published values for the
melting point of PE-26,26 display a difference of 10 °C (Meier and coworkers: Tm = 104 °C,
Mn = 14100 g mol-1; Mecking and coworkers: Tm = 114 °C, Mn = 24000 g mol-1)96,97 though
the same heating and cooling rates were used in the DSC experiments.
Though the synthesized ultra-long chain polyesters contain the lowest degrees of regular
ester group functionalization known (29.4 ester groups per 1000 methylene units for PE44,26), the gap to polyethylene could not be filled completely by this approach. This issue
was resolved by the synthesis of long-spaced polyesters by ADMET copolymerization of the
ester functionalized ,ω-diene 14 together with the non-functionalized ,ω-diene 27,
followed by exhaustive hydrogenation. Saturated polyesters were obtained, containing
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between 52.6 and 0 ester groups (distributed randomly within the polymer chain) with melting
points between 100 and 134 °C. The melting points of these materials quantitatively agree
with the Sanchez-Eby inclusion model, explaining the linear relationship between Tm and the
mole fraction of ester groups in the hydrocarbon polymer chain (Figure 4.22).

Figure 4.23. Ring-opening copolymerization of an unsaturated lactone with cis-cyclooctene, followed by
hydrogenation of the carbon-carbon double bonds reported by Duchateau and coworkers.116

Figure 4.24. Peak melting points of random polyesters from ADMET copolymerizations (green, this work) and
ring-opening metathesis copolymerizations (white) published by Duchateau and coworkers.116

In a parallel study, Duchateau and coworkers presented an alternative synthetic approach
to generate long-spaced polyesters.116 Applying an unsaturated large-ring lactone together
with cis-cyclooctene in a ring-opening metathesis copolymerization (ROMP) with G1 as the
olefin metathesis catalyst precursor, unsaturated copolymers with molecular weights Mn
between 30000 and 50000 g mol-1 were obtained (determined by GPC vs. polystyrene
standards). Hydrogenation of the carbon-carbon double bonds yielded the saturated polyesters
(Figure 4.23), containing between 66.7 and 4.5 ester groups per 1000 methylene units.
The published melting data of ROMP-generated polyesters coincide well with the ADMET
generated polyesters presented here (Figure 4.24). Further studies elucidating the crystalline
properties of random polyesters by SAXS measurements showed, that the incorporation of
ester groups in hydrocarbon chain crystals also affects the lamellar thickness. However, the
melting point depression compared to linear polyethylene is mainly related to the disturbing
effect of the ester groups within the crystalline phases, and only to a minor extent to a
reduction of the lamellar thickness.
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Further Carbonyl Functionalized Polyethylenes: Long-Spaced
Polycarbonates and Polyketones

5.1 Introduction

5.1.1 Long-Chain Polycarbonates
As further carbonyl functionalized polycondensates, the preparation of mid- and longchain aliphatic polycarbonates (partially based on renewable resources) as thermoplastic
materials recently received interest. While established synthetic routes are often based on
polycondensation of ,ω-diols with highly toxic phosgene, novel approaches applying
dimethyl carbonate or ethylene carbonate are more attractive on the laboratory scale.117 The
polycondensation of dimethyl carbonate with linear diols containing between 5 and 12
methylene units was recently published by Vanderhenst and Miller (Figure 5.1), yielding
polycarbonates with molecular weights Mn around 104 g mol-1.118 These semicrystalline
materials are thermoplastics with melting points between 40 and 68 °C (Table 5.1) and show
pronounced odd-even effects (for odd numbers of methylene units in the diol compounds
lower Tm are obtained than for even numbers of methylene units, Figure 5.2).

Figure 5.1. Synthesis of mid- and long-chain polycarbonates.
Table 5.1. Melting points of mid- and long-chain polycarbonates from literature.65,118

a

Compound

Tm (°C)a

Compound

Tm (°C) a

PC-5

40

PC-10

59

PC-6

54

PC-12

68

PC-7

45

PC-18

89

PC-8

55

PC-19

89

PC-9

53

PC-23

97

-1

Determined by DSC at a heating/cooling rate of 10 °C min . Peak Tm determined from the second heating
cycle.

By the same synthetic approach, long-chain aliphatic polycarbonates based on long-chain
diols have been prepared.65 As discussed for long-chain polyesters, increasing numbers of
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methylene units in the monomer units increase the melting points of the resulting
polycarbonates due to an increase of van-der-Waals interactions between the crystalline
hydrocarbon segments. For PC-18 (based on dimethyl carbonate and 1,18-diol), PC-19 and
PC-23, orthorhombic crystal structures and melting points between 89 and 97 °C are found
(Table 5.1), remaining ca. 10 °C below the Tm of comparably long-chained polyesters with
the same functional group contents (compare Table 4.1). Since both ester and carbonate
groups are comparable in their steric demands, the differences in the melting points (and
consequently in the cohesion energy of the crystalline segments) might be related to the
electronic differences, since ester groups show a higher polarity than carbonate groups. Also
for aliphatic polycarbonates, the issue the development of melting point with increasing
hydrocarbon character toward linear polyethylene is of interest. Consequently, a related
ADMET copolymerization approach was used to generate ‘highly diluted’ model
polycarbonates, as presented in the previous chapter for long-spaced polyesters.65

Figure 5.2. Melting points of mid- and long-chain polycarbonates (cf. Table 5.1).65,118

5.1.2 Aliphatic Polyketones
Aliphatic polyketones are available from insertion copolymerization of ethylene and
carbon monoxide (CO).119 Ketone groups display drastically higher polarity than the other
carbonyl functionalities discussed (ester and carbonate groups), since no further electron
withdrawing oxygen atoms are attached to the carbonyl function. This is underlined by the
high melting point above 250 °C of the strictly alternating -polyketone, resulting from strong
polar interactions between the ketone units. In general, these polyketones are of interest in
both academic and industrial research, since material properties (melting behavior,
crystallinity, printability, adhesion, photo degradability) are significantly influenced, already
for low degrees of functionalization. Thus, different approaches for ethylene/CO
copolymerization were developed (Figure 5.3).
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Figure 5.3. Preparation of ethylene/CO copolymers by radical copolymerization (top) and insertion
copolymerization in a strictly alternating (center) or non-alternating way (bottom).
Table 5.2. Melting points of ethylene/CO copolymers published by Müller and coworkers. 125
CO
Entry

Incorporation
Rate (mol%)a

a

Ketone Groups

Methyl

per 1000

Mnb

Branches per

Tmc

Methylene

(g mol-1)

1000 Methylene

(°C)

Unitsa

Unitsa

1

5.5

29.1

5800

5

126

2

3.0

15.5

3600

5

124

3

2.5

12.8

5300

4

125

4

2.4

12.3

5400

5

125

5

2.4

12.3

5600

4

128

6

2.4

12.3

2500

8

121

7

1.5

7.6

3900

3

125

8

0

0

not given

not given

126

Determined by 1H NMR spectroscopy. b Measured by GPC in THF at 40 °C versus polystyrene standards.
c
Determined by DSC at a heating/cooling rate of 10 °C min-1.

From free-radical copolymerization of ethylene and CO at high pressures, copolymers
were obtained with CO incorporation rates between 0 and 37 mol% and molecular weights up
to 4000 g mol-1.120 Comparable to radical homopolymerization of ethylene, significant
degrees of branching are obtained. Since higher degrees of alkyl branching reduce the
crystallinity of polyethylene-related materials drastically, linear ethylene/CO copolymers are
also desired. In the 1980s and 1990s, Drent and coworkers (at Shell) developed alternating
ethylene/CO copolymerization by insertion polymerization with Pd(II) diphosphine
catalysts.121 However, the resulting -polyketones suffer from low processablity due to their
high melting temperatures at which polymer degradation already becomes significant and
insolubility in most common solvents. The first example of non-alternating ethylene/CO
copolymerization was reported by Pugh and coworkers, generating copolymers with CO
contents varying between 42 and 49 mol% using Pd(II) precursors with a phosphine-sulfonate
ligand.122 In subsequent publications, further ethylene/CO copolymers with lower CO
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contents were prepared by insertion polymerization, displaying molecular weights Mn
typically between 103 and 104 g mol-1, filling the gap between the strictly alternating
copolymers and polyethylene.123,124,125,126
Melting points of 121 to 128 °C for copolymers with CO incorporation rates between 0 and
5.5 mol% (corresponding to ketone contents between 0 and 29.1 groups per 1000 methylene
units) were reported by Müller and coworkers (Table 5.2).125 As a side reaction in insertion
copolymerization, the formation of significant amounts of methyl branches (3 to 8 branches
per 1000 methylene units) is obtained, arising from -hydride elimination followed by
reinsertion of the olefin into the catalytically active species. Since methyl branches reduce the
melting point and crystallinity of polyethylene (cf. Figure 1.18), the conclusion remains
unanswered, if the melting point depression in the reported polyketones (compared to linear
polyethylene) is mainly related to the disturbing effect of either ketone or methyl groups. To
overcome this issue, absolutely non-alternating linear polyketones are desired. Since complete
suppression of -hydride elimination in insertion polymerization is challenging, ADMET
copolymerization of a ketone functionalized diene with the non-functionalized diene provides
a method to generate defect-free, linear polyketones.127 Comparison of long-spaced
polyketones, polyesters and polycarbonates with the same degrees of functionalization further
allows evaluations of the relevance of polarity on the crystallization of functionalized,
hydrocarbon based polymers.

Figure 5.4. Synthesis of a symmetric ketone functionalized diene (top) by Wagener and coworkers, followed by
ADMET polymerization and hydrogenation to yield a regularly spaced polyketone (bottom).43

5.2 Synthesis of Long-Spaced Polycarbonates and Polyketones by ADMET
Copolymerizations
In order to yield long-spaced model polycarbonates and polyketones from ADMET
copolymerization, appropriately carbonate and ketone functionalized ,ω-diene monomers are
required. Wagener and coworkers reported a synthetic strategy to generate a symmetrically
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ketone functionalized diene monomer via Grignard reaction of 10-undecenyl magnesium
bromide with ethyl formiate to yield an alcohol functionalized diene, which was oxidized to
the ketone using Cr(VI) reagents (Figure 5.4).43 ADMET polymerization and hydrogenation
of the carbon-carbon double bonds yielded a polyketone with exactly 18 methylene units
between the ketone functionalities, displaying a melting point of 134 °C. However, a regularly
functionalized polyketone cannot act as an adequate model for an ethylene/CO copolymer,
since a precise incorporation of the two monomers in the growing polymer chain is not
realistic. Additionally, higher degrees of functional group regularity reduce comparability
with irregular long-spaced ADMET generated polyesters. Instead, the non-symmetrically
ketone functionalized monomer 32 was synthesized via a three step Corey-Seebach reaction
(Figure 5.5).

Figure 5.5. Synthesis of the ketone functionalized diene 32.

Starting from 10-undecenal 29, condensation with 1,3-propanedithiol yielded the
substituted 1,3-dithiane 30, which was deprotonated with n-butyl lithium and reacted with the
bromide 16 to generate the disubstituted 1,3-dithiane 31. After separation of the dithiane
moiety with silver nitrate and water, the ketone functionalized diene 32 was obtained.
As a carbonate functionalized ,ω-diene monomer, 33 was prepared directly by
condensation of 10-undecenol 15 with dimethyl carbonate according to a reported procedure
(Figure 5.6).128

Figure 5.6. Synthesis of the carbonate functionalized diene 33.

To yield unsaturated polycarbonates (containing between 0 and 50.0 carbonate groups per
1000 methylene units, Table 5.3) and polyketones (containing between 0 and 52.6 ketone
groups per 1000 methylene units, Table 5.4) by ADMET copolymerizations (Figure 5.7), the
same reaction conditions (polymerization temperature of 65 °C, dynamic vacuum conditions,
G1 as olefin metathesis catalyst precursor) were chosen as described for the generation of
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ADMET model polyesters in Chapter 4.3. For the synthesis of polyketones containing 30
ketone groups or more, the polymerization temperatures had to be raised up to 100 °C to
prevent the reaction mixtures from solidification.
Full conversion of the vinyl groups to internal carbon-carbon double bonds in the resulting
unsaturated copolymers was monitored by 1H NMR spectroscopy (as exemplary shown for
PC-42.9 in Figure 5.8, and PK-40.1 in Figure 5.9). Also the compositions of the resulting
copolymers were determined by 1H NMR spectroscopy via the ratio of proton signal
intensities of the methylene groups adjacent to carbonate or ketone groups, respectively, to all
proton resonances. The compositions of all unsaturated copolymers were found to be identical
to the initial monomer ratios applied for the copolymerization reaction mixtures.

Figure 5.7. Synthesis of random polycarbonates (left) and polyketones (right) via ADMET
copolymerizations,followed by hydrogenation of the carbon-carbon double bonds. Polycarbonates contain
between 0 and 50.0, polyketones contain between 0 and 52.6 functional groups per 1000 methylene units,
respectively (calculated from the initial monomer ratios). The additional ‘H’ indicates hydrogenated polymers.

Molecular weights were analyzed by 1H NMR spectroscopy and GPC measurements (in
THF at 40 °C vs. polystyrene standards for the unsaturated copolymers and in
1,2,4-trichlorobenzene at 160 °C vs. polyethylene standards for the saturated copolymers). M n
on the order of 104 g mol-1 and molecular weight distributions Mw/Mn around 2 were obtained
for polycarbonates and most polyketones. For hydrogenation of the carbon-carbon double
bonds in the unsaturated copolymers the same reaction conditions were applied as previously
described for long-spaced polyesters, yielding saturated long-spaced polycarbonates and
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polyketones. Complete hydrogenation was confirmed by 1H NMR spectroscopy by complete
absence of methine proton signals (as exemplary shown in Figure 5.8 for PC-42.9H and
Figure 5.9 for PK-40.1H).
Table 5.3. Compositions and molecular weights of long-spaced polycarbonates.

Compound

Monomer

Monomer

28

33

(mol%)

(mol%)

Theor.

Found

Carbonate

Carbonate

Groups

Groups

per 1000

per 1000

Methylene

Methylene

Unitsa

Unitsb

Mnc

Mnd

(g mol-1)

(g mol-1)

Mne

GPC

GPC

(g mol-1)

/

NMR

/
Mw/Mn

c

Mw/Mnd

PC-50.0(H)

0.0

100.0

50.0

49.9

30500 / 2.0

11700 / 2.2

23500

PC-42.9(H)

27.0

63.0

42.9

42.7

30300 / 1.6

7500 / 2.1

12400

PC-37.5(H)

42.5

57.5

37.5

37.5

23700 / 1.9

7200 / 2.3

13600

PC-30.1(H)

59.5

41.5

30.1

30.6

22100 / 1.8

6800 / 2.3

13500

PC-20.4(H)

76.4

23.6

20.4

21.0

22500 / 1.8

6600 / 2.0

11500

PC-11.5(H)

88.1

11.9

11.5

12.0

20900 / 1.8

6900 / 2.2

12000

PC-5.5(H)

94.8

5.2

5.5

5.2

24200 / 1.7

6800 / 2.3

13400

PC-1.0(H)

99.1

0.9

1.0

1.1

24000 / 1.7

7200 / 2.3

10600

PC-0.0(H)

100.0

0.0

0.0

0.0

16600 / 2.3

10000 / 2.4

9200

a

b

1

Calculated from the initial monomer weight ratio applied. Determined by H NMR spectroscopy of the
unsaturated copolymers. c Determined by GPC in THF at 40 °C versus polystyrene standards (unsaturated
copolymers) d Determined by GPC in 1,2,4-trichlorobenzene at 160 °C versus polyethylene standards (saturated
polycarbonates). e Determined by endgroup analysis from 1H NMR spectroscopy (saturated polycarbonates).

Figure 5.8. 1H NMR spectra of the unsaturated polycarbonate PC-42.9 (top, CDCl3, 400 MHz, 25 °C) and the
corresponding saturated polycarbonate PC-42.9H (bottom, CDCl3, 400 MHz, 25 °C). Reprinted with permission
from reference 65. Copyright 2014 The Royal Society of Chemistry.
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Table 5.4. Compositions and molecular weights of long-spaced polyketones.

Compound

Monomer

Monomer

28

32

(mol%)

(mol%)

Theor.

Found

Ketone

Ketone

Groups

Groups

per 1000

per 1000

Methylene

Methylene

Unitsa

Unitsb

Mnc

Mnd

(g mol-1)

(g mol-1)

Mne

GPC

GPC

(g mol-1)

/

NMR

/
Mw/Mn

c

Mw/Mnd

PK-52.6(H)

0.0

100.0

52.6

51.6

12900 / 3.4

3800 / 3.4

4600

PK-44.3(H)

28.6

71.4

44.3

43.4

14800 / 2.3

3800 / 3.2

5000

PK-40.2(H)

39.4

60.6

40.2

40.9

10200 / 2.3

3500 / 2.7

4800

PK-40.1(H)

39.8

60.2

40.1

39.5

15100 / 1.7

3200 / 2.7

6600

PK-31.9(H)

58.8

41.2

31.9

32.2

19700 / 2.9

4300 / 4.4

6100

PK-29.7(H)

62.0

38.0

29.7

28.7

10700 / 1.9

2200 / 3.5

5700

PK-29.1(H)

63.1

36.9

29.1

30.7

11000 / 2.5

3800 / 3.9

9100

PK-19.9(H)

77.6

22.4

19.9

18.4

12900 / 2.0

4500 / 2.7

5600

PK-19.6(H)

78.1

21.9

19.6

20.0

9400 / 1.9

2000 / 3.5

5600

PK-10.0(H)

90.0

10.0

10.0

11.1

23800 / 2.1

4700 / 2.5

7600

PK-9.5(H)

90.5

9.5

9.5

10.2

14300 / 1.9

2600 / 3.5

8200

PK-5.4(H)

94.9

5.1

5.4

5.5

21700 / 1.8

6300 / 3.1

11600

PK-5.1(H)

95.2

4.8

5.1

5.1

12900 / 2.1

2700 / 3.6

8800

PK-1.5(H)

98.6

1.4

1.5

1.4

14400 / 1.8

10800 / 2.9

11000

PK-1.1(H)

99.0

1.0

1.1

1.2

11200 / 1.9

5000 / 2.1

7000

PK-0.0(H)

100.0

0.0

0.0

16600 / 2.3

10000 / 2.4

9200

a

0.0
b

1

Calculated from the monomer weight ratio applied. Determined by H NMR spectroscopy of the unsaturated
polyketones. c Determined by GPC in THF at 40 °C versus polystyrene standards (unsaturated polyketones).
d
Determined by GPC in 1,2,4-trichlorobenzene at 160 °C versus polyethylene standards (saturated polyketones).
e
Determined by endgroup analysis from 1H NMR spectroscopy (saturated polyketones).

Figure 5.9. 1H NMR spectra of the unsaturated polyketone PK-40.1 (top, CDCl3, 400 MHz, 25 °C) and the
corresponding saturated polyketone PC-40.1H (bottom, C2D2Cl4, 400 MHz, 130 °C).
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5.3 Thermal and Crystalline Properties of Long-Spaced Polycarbonates
and Polyketones
The thermal properties of polycarbonates and polyketones generated by ADMET
copolymerizations were analyzed by DSC measurements. For unsaturated polycarbonates
melting points between 40 and 60 °C were found (comparable to unsaturated long-spaced
polyesters). After hydrogenation, sharp melting traces with distinct peak melting points from
91 °C for PC-42.9H and 134 °C for PC-0.0H were found (Figure 5.10, left and Table 5.5).
Table 5.5. Thermal properties of long-spaced polycarbonates.a

a

Compound

Tm (°C)

Tc (°C)

ΔH (J g-1)

PC-50.0H

92

77

149

PC-42.9H

91

80

185

PC-37.5H

96

83

186

PC-30.1H

102

88

191

PC-20.4H

111

97

181

PC-11.5H

120

107

217

PC-5.5H

127

113

248

PC-1.0H

132

115

244

PC-0.0H

134

117

261

-1

Determined by DSC at a heating/cooling rate of 10 °C min . Peak Tm determined from the second heating
cycle.

Figure 5.10. Left: DSC heating traces (second heating cycles, heating rate: 10 °C min-1) of long-spaced
polycarbonates. Reprinted with permission from reference 65. Copyright 2014 The Royal Society of Chemistry.
Right: Peak melting points of randomly long-spaced polycarbonates and regular polycarbonates PC-23, PC-19,
PC-18 and PC-50.0H (from homopolymerization of 33). The dashed line is merely a guide to the eye.

The impact of regular spacing between functional groups is even more pronounced
concerning the thermal properties of polycarbonates compared to polyesters (Figure 5.10,
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right and Figure 4.22). Regular PC-23 containing 43.5 carbonate groups per 1000 methylene
units prepared by classical diol/dimethyl carbonate polycondensation has a melting point of
97 °C. Consequently, a difference of 6 °C lies between PC-23 (containing 43.5 carbonate
groups per 1000 methylene units) and its irregular counterpart PC-42.9H with a comparable
degree of carbonate functionalization. Also PC-50.0H shows a slightly higher melting point
than PC-42.9H, though a higher carbonate concentration is present in this polymer. Due to the
symmetry in the carbonate functionalized ADMET monomer 33, the hydrogenated
homopolymer PC-50.0H also displays regular character (and corresponds to a polycarbonate
generated by classical polycondensation of 1,20-eicosanediol with dimethyl carbonate, which
can be assigned as PC-20). As previously discussed for polyesters, this behavior can be
accounted by the ability of carbonate groups to form layers within the solid semi-crystalline
polymer. Uniform spacing facilitates dipole-dipole interactions and polar layer formation.
This promotes the occurrence of defect-free regimes of aliphatic polymer chains in the
polymer crystal, resulting in stronger overall van-der-Waals interactions and higher melting
points.

Figure 5.11. WAXD patterns of the polycarbonates PC-37.5H (A) and PC-5.5H (B), together with the
polyketone PK-19.9H (C).

Both regular and irregular polycarbonates crystallize in the orthorhombic, polyethylenelike crystal structure,65 displaying the two dominant reflexes at 2 angles of 21.5° and
23.9/24.0° in the WAXD patterns (as exemplary shown by the patterns of PC-37.5H (A) and
PC-5.5H (B) in Figure 5.11). The crystal structure is also confirmed by IR measurements,
displaying distinctive Davidov splitting for the crystalline hydrocarbon CH2 scissoring and
rocking vibrations for all random polycarbonates (Figure 5.12). Besides the increase in the
melting points, the heats of fusion ΔH of ADMET polycarbonates are increased with reduced
carbonate contents from 149 J g-1 for PC-50.0H (corresponding to a crystallinity of 51%) to
261 J g-1 for defect-free PC-0.0H (89% crystallinity compared to polyethylene of fully
extended chain crystals as reference for 100% crystalline material5).
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Figure 5.12. IR spectra of long-spaced polycarbonates (insets are focused on the areas of the CH2 scissoring
and CH2 rocking vibrations).
Table 5.6. Thermal properties of unsaturated and saturated long-spaced polyketones.a
Compound

Unsaturated Polyketones

Saturated Polyketones

Tm (°C)

Tc (°C)

ΔH (J g-1)

Tm (°C)

Tc (°C)

ΔH (J g-1)

PK-52.6(H)

95

80

107

125

110

176

PK-44.3(H)

86

71

129

126

108

192

PK-40.2(H)

81

33

118

123

108

208

PK-40.1(H)

85

69

125

125

110

240

PK-31.9(H)

74

58

100

124

109

225

PK-29.7(H)

71

61

129

126

107

284

PK-29.1(H)

68

54

110

125

107

196

PK-19.9(H)

59

49

121

128

110

225

PK-19.6(H)

63

52

112

131

113

253

PK-10.0(H)

53

40

114

131

114

251

PK-9.5(H)

56

42

112

133

117

258

PK-5.4(H)

49

34

108

131

115

243

PK-5.1(H)

57

41

104

130

114

238

PK-1.5(H)

66

49

102

131

113

239

PK-1.1(H)

43

31

115

132

118

257

PK-0.0(H)

42

28

117

134

117

276

a

-1

Determined by DSC at a heating/cooling rate of 10 °C min . Peak Tm determined from the second heating
cycle.
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In contrast to unsaturated ADMET generated polycarbonates and polyesters, only for
unsaturated polyketones with functional group densities of 15 ketone groups per 1000
methylene units or lower melting points in the temperature range of 40 to 60 °C are observed
(Figure 5.13 and Table 5.6). For higher ketone contents Tm increase to 95 °C for PK-52.6.
After hydrogenation, for saturated polyketones melting points between 123 °C (for
PK-40.2H) and 133 °C (for PK-9.5H) are observed, with Tm generally converging toward
polyethylene with decreasing ketone contents. Compared to ethylene/CO copolymers
prepared by Müller and coworkers,125 ADMET generated polyketones display significantly
higher melting points (with differences of 5 to 10 °C).

Figure 5.13. Peak melting points of unsaturated long-spaced polyketones. Note that for unsaturated copolymers
with low degrees of functionalization quite broad melting transitions are observed, hindering exact peak melting
point assignment. The dashed line is merely a guide to the eye.

The heats of fusion increase with decreasing concentrations of ketone functionalities from
176 J g-1 for PK-52.6H (corresponding to a crystallinity of 60%) to 261 J g-1 for defect-free
PC-0.0H. Also ADMET generated polyketones crystallize in the orthorhombic crystal
structure, as exemplary shown for PK-19.9H by WAXD analysis (pattern C in Figure 5.11).
Orthorhombic crystallization is also confirmed for all long-spaced polyketones by IR
measurements via the characteristic Davidov splitting of the CH2 scissoring and rocking
vibrations (Figure 5.14), as previously observed for long-spaced polyesters and
polycarbonates.
Plotting of melting points versus the number of functional groups per 1000 methylene units
(or the mole fraction of functional groups, respectively) for ADMET generated long-spaced
polyketones, polycarbonates and polyesters displays the drastic differences between the
melting trends for differently carbonyl functionalized materials (Figure 5.15). Polyketones
melt at the highest temperatures, covering a temperature range of ca. 10 °C between
polyethylene (Tm = 134 °C) and PK-52.6H (Tm = 125 °C). Polyesters with comparable
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degrees of functionalization melt at significantly lower temperatures. A range of ca. 35 °C
from polyethylene to PE-52.6H (Tm = 100 °C) is covered. The lowest melting temperatures
are measured for polycarbonates, covering a range of ca. 45 °C between polyethylene and
PC-42.9H, displaying a Tm of 91 °C.

Figure 5.14. IR spectra of selected long-spaced polyketones (insets are focused on the areas of the CH2
scissoring and CH2 rocking vibrations).

Figure 5.15. Peak melting points of random long-spaced ADMET polycarbonates (blue), polyketones (red) and
polyesters (green) vs. the mole fraction of functional/defect groups.
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Since all long-spaced carbonyl functionalized polymers resemble linear polyethylene in
their crystalline structure, the Sanchez-Eby inclusion model for copolymers (as demonstrated
for polyesters, cf. Chapter 4.4) can be also applied for polycarbonates and polyketones to
describe the melting and crystallization behavior of hydrocarbon polymer chains containing
carbonate and ketone groups. Again, methylene units (-CH2-) are regarded as crystallizable
repeating units, while the randomly distributed carbonate (-OC(=O)O-) and ketone (-C(=O)-)
units are both incorporated in the crystalline regions as defects and found in the amorphous
regions. For both polycarbonates and polyketones, linear relationships are found in the plot of
the melting points (Tm) versus the mole fraction of defect units in Figure 5.15, according to
the general Sanchez-Eby inclusion model equation
𝑇𝑚 = 𝑇𝑚0 (1 −

𝜀
2𝜎
0 𝑋𝑖 −
0 ),
∆𝐻𝑚
∆𝐻𝑚
𝑙

(4)

where Tm is the melting temperature of the copolymers, Tm0 is the equilibrium melting
temperature and ΔHm0 is the heat of fusion for linear polyethylene, Xi is the mole fraction of
defect units (carbonate units for polycarbonates and ketone units for polyketones) in the
copolymers,  is the surface free energy of the crystal surface and l is the lamella thickness
(assuming the functional groups mole fraction in the crystalline phase to be the same as in the
overall polymer composition).114 Carbonyl groups incorporated into the crystal lattice as
defects create an energy penalty , which reduces the crystal packing energy by the defect free
energy. For randomly long-spaced polycarbonates, the linear behavior follows
𝑇𝑚 = (133 − 1033 ∗ 𝑋𝐶 ) °𝐶,

(5)

while for polyketones
𝑇𝑚 = (132 − 191 ∗ 𝑋𝐾 ) °𝐶

(6)

is calculated. While steric demands of the carbonyl functions presumably do not differ
sufficiently to account for the disturbing character of the different groups within the
crystalline hydrocarbon segments, the polar properties vary drastically. Since no experimental
data for dipole moments of isolated carbonyl groups in linear polyethylene chains are
available, literature-known data for small linear aliphatic molecules are consulted as models
for comparison (Table 5.7).129
While for 3-heptanone the highest dipole moment of 2.70 D is found, the dipole moments
strongly decrease for ethyl butyrate (1.75 D) and diethyl carbonate (0.91 D). The reduced
polarities can be related to the additional electron withdrawing oxygen atoms attached to the
carbonyl functionalities in the ester and carbonate groups compared to the ketone unit.
Consequently, in polyketones the polar groups’ layering ability by intermolecular dipole
68

5. Long-Spaced Polycarbonates and Polyketones
dipole interactions is expected to be favored compared to polyesters, while polycarbonates are
expected to show the lowest ability for polar group layering. In contrast to an absolutely
random polar group distribution within the crystalline segments, layering reduces the defect
character of the disturbing units in the lattice, since defect-free areas of crystalline
hydrocarbon chains can be established better. As a result from linear regressions in the plot of
the melting points vs. the mole fractions of carbonyl groups (displayed in Figure 5.15),
polyketones possess the smallest energy penalty  for their ketone disturbing units from the
Sanchez-Eby inclusion model equation (4). For polyesters and polycarbonates higher  values
are obtained (calculated from the slope of the linear regressions, Figure 5.15). Stronger
disturbance effects for ester and carbonate groups are the result, leading to less defect-free
crystalline areas and reduced overall cohesion energies for polyesters and polycarbonates,
which are translated to lower melting points.
Table 5.7. Experimental dipole moments of different carbonyl model compounds 129 and energy penalty 
calculated from the linear regressions displayed in Figure 5.15 based on the Sanchez-Eby inclusion model.
 from Eq. (4) for Carbonyl

Dipole Moment µ (D)a

Compound

Functionalized Polyethylenes
0.91

1033 (

1.75

683 (

2.70

191 (

diethyl carbonate

ethyl butyrate

3-heptanone
a

∆𝑯𝟎
𝒎
𝑻𝟎
𝒎

∆𝑯𝟎
𝒎
𝑻𝟎
𝒎

∆𝑯𝟎
𝒎
𝑻𝟎
𝒎

)

)

)

Determined at 25 °C in benzene.

5.4 Conclusion
Long-spaced

polycarbonates

and

polyketones

were

synthesized

by

ADMET

copolymerizations of a non-functionalized diene monomer with carbonate and ketone
functionalized

diene

monomers,

respectively,

followed

by

post-polymerization

hydrogenation. Long-spaced polycarbonates fill the gap between regularly spaced
polycarbonates generated by classical polycondensation approaches and linear polyethylene.
Comparing the melting points of saturated long-spaced polyketones from ADMET
copolymerization with ethylene/CO copolymers from insertion copolymerization reported by
Müller and coworkers, differences in Tm of 5 to 10 °C become obvious (compare Table 5.2
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and Table 5.6).125 Since methyl branch formation cannot occur from the olefin metathesis
mechanism, the melting point reduction of long-spaced polyketones compared to linear
polyethylene can be directly related to the disturbing effect of the ketone groups in the
crystalline phases. Consequently, the additional melting point reduction in ethylene/CO
copolymers must be referred to the additional methyl branching.
Though long-spaced polyketones, polyesters and polycarbonates crystallize in the
polyethylene-resembling orthorhombic crystal structure, drastic differences are observed
regarding the melting behavior. Following Tm (polyketones) > Tm (polyesters) > Tm
(polycarbonates) for polymers of comparable degrees of functionalization, this relationship
can be related to the different polarities of the corresponding carbonyl groups, regulating
polar layer formation. This trend also becomes visible in the melting points of the ADMET
,ω-diene monomers (determined by DSC measurements, Table 5.8). While the carbonate
monomer 33 (Tm = -8 °C) and the ester monomer 14 (Tm = 5 °C) are both liquids at room
temperature, the ketone monomer 32 is a crystalline solid (Tm = 41 °C).
Table 5.8. Thermal properties of the carbonate, ester and ketone functionalized ,ω-diene monomers.a
Compound

Tm (°C)

Tc (°C)

ΔH (J g-1)

-8

-18

161

5

-9

182

41

33

187

33

14

32
a

70

Determined by a heating/cooling rate of 10 °C min-1. Peak Tm determined from the second heating cycle.

6.

Oxygen-Functionalized Polyethylenes: Long-Spaced
Polyacetals and Polyoxyalkylenes

6.1 Introduction
Based on the findings concerning the influence of carbonyl groups of various polarity on
the thermal and crystalline properties of functionalized polyethylenes, in-chain oxygen
functionalization is of interest. Here, polyoxyalkylenes and polyacetals are attractive
materials, since ether and acetal groups may be regarded as reduced ester and carbonate units,
respectively (Figure 6.1).

Figure 6.1. Functional groups present in polyesters, polycarbonates, polyoxyalkylenes and polyacetals.

6.1.1 Polyacetals
In the 1930s, first examples of aliphatic polyacetals were described by Carothers and
coworkers, yielding cyclic and oligomeric compounds by the condensation of short-chain
diols with dibutoxymethane.130 Recently, mid- and long-chain aliphatic polyacetals gained
interest in research due to their thermoplastic properties and degradability via biological
routes or hydrolysis. Regular polyacetals are available from acid catalyzed reaction of ,ωdiols with diethoxymethane to yield diacetals, which can be isolated, purified and then
polymerized in a polycondensation reaction.131 Alternatively, diols can be directly
polymerized with diethoxymethane in a one-pot reaction (Figure 6.2), yielding polymers with
molecular weights Mn up to 40000 g mol-1.65,67 Studies concerning the hydrolytic
degradability of polyacetals emphasize the relationship of the polymer composition and its
degradation kinetics under aqueous acidic or basic conditions. With increasing length of the
hydrocarbon segments (derived from the diol chain length) degradation times are increased,
which is related to the increasing hydrophobic character of the polymeric materials.
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Figure 6.2. Synthesis of aliphatic polyacetals by polycondensation of diols with diethoxymethane.65,67,131

Comparable to the polycondensates described in the previous chapters, the length of the
hydrocarbon segments within regular polyacetals are mainly responsible for their
thermoplastic properties, reaching a Tm of 87 °C for PAc-23 (based on 1,23-diol and
diethoxymethane, Table 6.1 and Figure 6.3). However, mid- and long-chain polyacetals melt
at significantly lower temperatures than comparably functionalized polycarbonates and
polyesters. Remarkably, semicrystalline long-chain polyacetals do not crystallize in a
polyethylene-like orthorhombic crystal structure. WAXD patterns with reflexes at various 2
angles and different intensity ratios are observed for PAc-18, PAc-19 and PAc-23, which
could not be related to known crystal structures.65 Consequently, besides the issue of melting
points at low functional group densities, also the elucidation of the crystalline structures for
polyacetals with longer aliphatic chain segments is of interest. Therefore, random polyacetals
with functional group contents between the known regular polyacetals and pure polyethylene
were generated by ADMET copolymerizations.65
Table 6.1. Thermal properties of regular polyacetals.65,131
Compound

Tm (°C)a

Compound

Tm (°C)a

PAc-5

38

PAc-11

57

PAc-6

28

PAc-12

64

PAc-7

46

PAc-18

82

PAc-8

47

PAc-19

83

59

PAc-23

87

PAc-10
a

Determined by DSC analysis.

6.1.2 Polyoxyalkylenes
Besides polyacetals, polyoxyalkylenes (or polyethers) are a further example of oxygen
functionalized

hydrocarbon

polymers.

Short-chain

aliphatic

polyoxyalkylenes

like

polyoxymethylene, poly(ethylene oxide) and poly(tetramethylene oxide) (poly-THF, PO-4)
are important industrially produced polymers with various applications.132,133 While
poly(ethylenoxide) and poly(tetramethylene oxide) are generated by ring-opening
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polymerization (ROP) of ethylene oxide or THF, respectively, polyoxymethylenes are
prepared by polymerization of formaldehyde or ROP of trioxane. Thermoplastic
polyoxyalkylenes with longer hydrocarbon chain segments are available via acid-catalyzed
polymerization of diols.134,135 With increasing aliphatic chain length in the diol compound, the
melting points of the resulting polymers are increased from 43 °C for PO-4 to 80-83 °C for
PO-12 (Table 6.2) and exceed the melting points of the corresponding polyacetals with
comparable composition by 15 to 20 °C (Figure 6.3).136 While for semicrystalline PO-4 and
PO-6 monoclinic crystalline unit cells are found, PO-9, PO-10 and PO-12 mainly crystallize
in orthorhombic crystal structures. For PO-8, both crystalline motives are observed.
Table 6.2. Thermal and crystalline properties of regular polyoxyalkylenes. 136
Compound

Tm (°C)a

Crystalline Structureb

PO-4

43

monoclinic

PO-6

55-58

monoclinic

PO-8

64-67

monoclinic/orthorhombic

PO-9

71-73

orthorhombic

PO-10

75-79

orthorhombic

PO-12

80-83

orthorhombic

a

Determined by DSC analysis. b Determined from WAXD.

Figure 6.3. Melting points of regular polyacetals (violet) and regular polyoxyalkylenes (orange, cf. Table 6.1
and Table 6.2).

Obviously, single oxygen functionalization in the hydrocarbon chain (as present in the
ether group in polyoxyalkylenes) has a different influence on the crystallization behavior than
acetal functionalization. To compare the influences of the ether and acetal moiety on the
melting behavior and crystalline properties, long-spaced random polyoxyalkylenes with
various ether contents were prepared by the ADMET copolymerization approach.
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6.2 Synthesis of Long-Spaced Polyacetals and Polyoxyalkylenes
Long-spaced

polyacetals

and

polyoxyalkylenes

were

prepared

by

ADMET

copolymerization of the non-functionalized ,ω-diene 28 and appropriately acetal (34) and
ether functionalized ,ω-diene monomers (35), to yield unsaturated copolymers. By
exhaustive hydrogenation of the carbon-carbon double bonds, saturated polyacetals and
polyoxyalkylenes were obtained (Figure 6.4).

Figure 6.4. Synthesis of random polyacetals (left) and polyoxyalkylenes (right) by ADMET copolymerizations,
followed by hydrogenation of the carbon-carbon double bonds. Polyacetals and polyoxyalkylenes contain
between 0 and 50.0 functional group per 1000 methylene units, respectively (calculated from the initial monomer
ratios). The additional ‘H’ indicates hydrogenated polymers.

Figure 6.5. Synthesis of the acetal and ether functionalized ,ω-diene monomers 34 and 35.

The acetal containing monomer 34 was generated by condensation of 10-undecenol 15
with diethoxymethane using catalytic amounts of methanesulfonic acid to yield the symmetric
,ω-diene with an acetal moiety in the center of the hydrocarbon chain (Figure 6.5). The ether
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functionalized monomer 35 was prepared in a substitution reaction of 10-undecenol 15 with
undec-10-enyl bromide 16, using sodium hydride to deprotonate the alcohol function.
Table 6.3. Compositions and molecular weights of long-spaced polyacetals.

Compound

Monomer

Monomer

28

34

(mol%)

(mol%)

Theor.

Found

Acetal

Acetal

Groups

Groups

per 1000

per 1000

Methylene

Methylene

Unitsa

Unitsb

Mnc
(g mol-1)

Mnd
Mw/Mn c

GPC

(g mol-1)
NMR

PAc-50.0(H)

0.0

100.0

50.0

48.4

20200

2.1

13800

PAc-39.1(H)

38.3

61.7

39.1

38.0

24700

2.0

14100

PAc-29.9(H)

60.0

40.0

29.9

29.2

24800

2.0

15000

PAc-21.3(H)

75.0

25.0

21.3

21.0

16000

2.0

10300

PAc-9.8(H)

90.1

9.9

9.8

10.0

14300

2.0

13000

PAc-4.9(H)

95.3

4.7

4.9

5.0

20100

1.9

11200

PAc-1.5(H)

98.7

1.3

1.5

1.5

26600

1.7

10800

PAc-0.0(H)

100.0

0.0

0.0

0.0

16600

2.3

9200

a

Calculated from the monomer weight ratio applied. b Determined by 1H NMR spectroscopy of the unsaturated
copolymers. c Determined by GPC in THF at 40 °C versus polystyrene standards (unsaturated polyacetals).
d
Determined by endgroup analysis from 1H NMR spectroscopy (saturated polyacetals).

Figure 6.6. 1H NMR spectra of the unsaturated polyacetal PAc-50.0 (top, CDCl3, 400 MHz, 25 °C) and the
corresponding saturated polyacetals PAc-50.0H (bottom, CDCl3, 400 MHz, 25 °C). Reprinted with permission
from reference 65. Copyright 2014 The Royal Society of Chemistry.

Mixtures of defined monomer ratios were copolymerized with 0.5 mol% G1 as the olefin
metathesis catalyst precursor for two days under solvent-free conditions and reduced pressure
to remove the ethylene byproduct from the reaction equilibrium (Table 6.3 for polyacetals and
Table 6.4 for polyoxyalkylenes). The reaction temperature was raised from room temperature
to 65 °C during the first two hours of copolymerization to prevent crystallization of the
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growing polymer chains. In contrast to long-spaced polyketones, no further adjustments of
polymerization temperature were necessary for polyacetals and polyoxyalkylenes with higher
degrees of functionalization. For consecutive incorporation of the functionalized monomers in
the growing polymer chains, at least 20 carbon atoms remain between the acetal or ether
groups, respectively.
Table 6.4. Compositions and molecular weights of long-spaced polyoxyalkylenes.

Compound

Monomer

Monomer

28

35

(mol%)

(mol%)

Theor.

Found

Ether

Ether

Groups

Groups

per 1000

per 1000

Methylene

Methylene

Unitsa

Unitsb

Mnc

Mnd

(g mol-1)

(g mol-1)

Mne

GPC

GPC

(g mol-1)

/

NMR

/
Mw/Mn

c

Mw/Mnd

PO-50.0(H)

0.0

100.0

50.0

49.4

20800 / 2.0

2700 / 3.2

5400

PO-40.1(H)

35.4

64.6

40.1

40.2

34800 / 1.8

4100 / 3.5

10500

PO-30.2(H)

59.3

40.7

30.2

30.3

28200 / 1.7

3800 / 3.0

5200

PO-20.6(H)

76.1

23.9

20.6

20.8

28000 / 1.7

7300 / 2.3

10700

PO-10.9(H)

88.9

11.1

10.9

11.3

24300 / 1.8

6300 / 2.6

6800

PO-5.3(H)

95.1

4.9

5.3

5.6

24600 / 1.7

4800 / 3.3

5300

PO-1.0(H)

99.1

0.9

1.0

1.1

18000 / 1.7

6200 / 2.1

8700

PO-0.0(H)

100.0

0.0

0.0

0.0

16600 / 2.3

10000 / 2.4

9200

a

Calculated from the monomer weight ratio applied. b Determined by 1H NMR spectroscopy of the unsaturated
copolymers. c Determined by GPC in THF at 40 °C versus polystyrene standards (unsat. polyoxyalkylenes).
d
Determined by GPC in 1,2,4-trichlorobenzene at 160 °C versus polyethylene standards (sat. polyoxyalkylenes).
e
Determined by endgroup analysis from 1H NMR spectroscopy (sat. polyoxyalkylenes).

Figure 6.7. 1H NMR spectra of the unsaturated polyoxyalkylene PO-40.1 (top, CDCl3, 400 MHz, 25 °C) and the
corresponding saturated polyoxyalkylenes PO-40.1H (bottom, C2D2Cl4, 400 MHz, 130 °C).

High degrees of conversion were obtained, as concluded by the virtually complete absence
of vinyl proton NMR resonances (Figure 6.6 and Figure 6.7). Molecular weight analysis by
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endgroup analysis via 1H NMR spectroscopy and GPC measurements revealed numberaverage molecular weights Mn around 104 g mol-1 and molecular weight distributions Mw/Mn
around 2 for both polyacetals and polyoxyalkylenes. The compositions of the unsaturated
copolymers were determined by the ratio of the 1H NMR signal intensities for the methylene
units adjacent to the acetal or ether groups for polyacetals and polyoxyalkylenes, respectively,
compared to all proton signals. All compositions were found to be identical to the initial
monomer ratios applied for the copolymerization reaction mixtures.
Catalytic hydrogenations of the unsaturated copolymers were performed using
[(PCy3)2Cl2Ru=CHOEt] as the hydrogenation catalyst precursor under similar conditions as
described for polyesters (reaction temperature of 110 °C, hydrogen pressure of 40 bar,
reaction time of 2 days) to yield polyacetals containing 39.1 to 1.5 acetal groups and
polyoxyalkylenes containing 40.1 to 1.0 ether group per 1000 methylene units, respectively.
Complete hydrogenations were confirmed by the absence of resonances for unsaturated
protons in the range of 5.00 to 6.00 ppm in the 1H NMR spectra. The regulary spaced
polyacetal PAc-50.0H (from homopolymerization of the acetal functionalized monomer 34)
and polyoxyalkylene PO-50.0H (from homopolymerization of the ether functionalized
monomer 35) correspond to polymers generated by the classical polycondensation approaches
applying 1,20-eicosanediol (PAc-20 and PO-20, respectively).

6.3 Thermal and Crystalline Properties of Long-Spaced Polyacetals and
Polyoxyalkylenes
While for unsaturated polyacetals melting points around 50 °C were found, melting
temperatures increase significantly after carbon-carbon double bond hydrogenation. For
saturated polyacetals melting temperatures between 76 °C (PAc-39.1H) and 131 °C (PAc1.5H) were observed, displaying the convergence toward linear polyethylene with decreasing
numbers of functional groups (Table 6.5). For randomly long-spaced polyacetals significantly
lower melting temperatures and heats of fusion are observed compared to carbonyl
functionalized polymers with comparable degrees of functionalization. In contrast to longspaced polyesters and polycarbonates, only the melting and crystallization traces of
polyacetals with an acetal content of 10 per 1000 methylene units or less display relatively
sharp and distinct melting points (Figure 6.8). For PAc-39.1H, PAc-29.9H and PAc-21.3H
very broad thermal transitions are observed, which cover temperature ranges of more than
50 °C.
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Table 6.5. Thermal properties of saturated long-spaced polyacetals.a

a

Compound

Tm (°C)

Tc (°C)

ΔH (J g-1)

PAc-50.0H

80b

66b

162

PAc-39.1H

76

c

c

142

PAc-29.9H

84-97c,d

74c

171

c

178

c

63

PAc-21.3H

104

93

PAc-9.8H

120

107

226

PAc-4.9H

126

112

233

PAc-1.5H

131

114

275

PAc-0.0H

134

117

261

Determined at a heating/cooling rate of 10 °C min-1. Peak Tm determined from the second heating cycle. b A
second, minor thermal transition is found at T m = 59 °C and Tc = 45 °C. c Broad melting and crystallization
transitions are observed. d No distinct melting point can be determined.

Figure 6.8. Second DSC heating traces of random long-spaced polyacetals (second heating cycles shown,
heating rate: 10 °C min-1).

WAXD analysis was performed on randomly long-spaced polyacetals to investigate the
crystalline properties (Figure 6.9). Related to regularly spaced PAc-18, PAc-19 and PAc-23,65
for PAc-50.0H and randomly spaced polyacetals with high acetal contents WAXD patterns
with various reflexes at 2 angles between 20° and 25° with shifting intensities are found,
which cannot be assigned to defined crystal structures. These observations are in line with
broad thermal transitions from DSC and relatively low heats of fusion (compared to
polycarbonates, polyesters and polyketones). Eventually, for PAc-21.3H (displaying 2
angles of 21.4° and 23.8°) and polyacetals with lower numbers of acetal units, shifts of the
WAXD reflexes toward 2 angles of 21.5° and 23.9° with the expected intensity ratios for the
110 and 200 plane of the orthorhombic, polyethylene-related crystal structure are observed.
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Figure 6.9. WAXD patterns of ADMET generated polyacetals PAc-50.0H (A), PAc-39.1H (B), PAc-29.9H (C),
PAc-21.3H (D), PAc-9.8H (E), PAc-4.9H (F), PAc-1.5H (G) and PAc-0.0H (H)

Figure 6.10. IR spectra of long-spaced polyacetals (insets are focused on the areas of the CH2 scissoring and
CH2 rocking vibrations).

Concurrent observations resulted from IR spectroscopy (Figure 6.10). For PAc-50.0H,
PAc-39.1H and PAc-29.9H, no Davidov splitting for the absorbances for the CH2 scissoring
vibration (1472-1473 cm-1 and 1463-1464 cm-1) and for the CH2 rocking vibration (718-720
cm-1 and 730-731 cm-1) are observed. When the number of acetal groups is further reduced,
79

6. Long-Spaced Polyacetals and Polyoxyalkylenes
the splitting grows along with the transformation to the orthorhombic crystalline structure.
The heterogeneous crystalline morphologies observed for polyacetals suggest, that the
principle inclusion of the acetal moieties into a polyethylene-like crystal of hydrocarbon
chains cannot be an appropriate description for the solid state structure of long-spaced
polyacetals. Nevertheless, a plot of the melting points versus the mole fraction of acetal
groups (Figure 6.11) roughly follows
𝑇𝑚 = (133 − 1412 ∗ 𝑋Ac ) °𝐶.

(7)

Figure 6.11. Peak melting points of random long-spaced polyacetals (violet) vs. the mole fraction of functional
groups.

Though the steric demand of acetal groups does not exceed the demand of carbonyl
moieties in polyketones, polyesters and polycarbonates, acetals obviously impact the
crystalline structure of hydrocarbon chains to a higher extent, resulting in heterogeneous
crystalline morphologies for polyacetals with higher acetal contents. While the reduced
melting temperatures of polycarbonates in comparison to polyesters and polyketones are
related to different polarities of the functional groups, the polarity of the carbonate and the
acetal group are rather similar (consulting reported data for small molecules like diethyl
carbonate with µ = 0.91 D, and diethoxymethane with µ = 0.93 D).129
However, the conformational characteristics of these functional groups differ significantly.
From studies of short-chain acetal and carbonate functionalized molecules like
dimethoxymethane137

and

dimethyl

carbonate,138

the

thermodynamically

favored

conformational arrangements are well understood. Since the rotation around the (O=C)-OR
single bond in carbonate (and ester) functionalities is hindered (due to partial double bond
character), cis- and trans-related conformations are mainly preferred. Assuming that the
conformational behavior of dimethyl carbonate can be translated to the carbonate group in
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polycarbonates, the good agreement with the all-trans zigzag conformation of the methylene
units preferred in polyethylene-like orthorhombic crystal structures becomes obvious (Figure
6.12). Even the random incorporation of > 50 carbonate groups per 1000 methylene units does
not lead to significant changes in the crystalline structures (cf. Chapter 5.3). By contrast, in
acetal groups a gauche conformation is preferred as a result of the anomeric effect.137 Since
the gauche conformation is less compatible with the all-trans hydrocarbon conformation, high
densities of acetal units disturb the formation of orthorhombic structures in crystalline
polyacetals, leading to heterogeneous polymer crystals associated with broad melting
transitions. Only for small densities of acetal groups in the polymer chain (< 22 acetal groups
per 1000 methylene units), orthorhombic crystal structures and more narrow thermal
transitions are observed.

Figure 6.12. Preferred conformational characteristics of carbonyl functionalized polymers (polyester and
polycarbonate) and polyacetals.

Regular spacing effects are even more pronounced for polyacetals than for polyesters and
polycarbonates. The regular polymers PAc-18 and PAc-19 (containing 55.6 and 52.6 acetal
groups per 1000 methylene units, respectively, cf. Table 6.1) and PAc-50.0H (= PAc-20)
exceed the melting point of irregularly spaced PAc-39.1H by 4 to 7 °C (Figure 6.11), despite
significantly higher densities of acetals are present in the regular polyacetals. Though
polyacetals with higher acetal contents do not form orthorhombic crystal lattices, this
behavior can be also related to the formation of defect-free regimes of aliphatic polymer
chains between regularly spaced functional groups, resulting in increased van-der-Waals
interactions within the crystalline segments. However, for polyacetals the regular arrangement
of the acetal functionalities does not lead to significantly higher ordered crystalline structures
(cf. WAXD pattern A of PAc-50.0H in Figure 6.9 and patterns of PAc-18, PAc-19 and PAc23 from literature).65
Remarkably, for long-spaced polyoxyalkylenes very different thermal and crystalline
properties are found compared to polyacetals, resulting in drastically higher melting points.
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While for unsaturated polyoxyalkylenes still similar melting temperatures in the range of 40
to 60 °C are found, Tm increase with decreasing numbers of ether groups from 104 °C for PO50.0H to 131 °C for PO-1.0H close to linear polyethylene (Table 6.6). Though comparable
functional group contents are present, a temperature difference of 34 °C between the melting
points of the random polyoxyalkylene PO-40.1H and the polyacetal PAc-39.1H is found.
Distinct melting transitions are observed from DSC measurements (Figure 6.13), resembling
ADMET generated polyesters and polycarbonates.
Table 6.6. Thermal properties of saturated long-spaced polyoxyalkylenes.a

a

Compound

Tm (°C)

Tc (°C)

ΔH (J g-1)

PO-50.0H

104

88

238

PO-40.1H

110

95

243

PO-30.2H

116

100

224

PO-20.6H

122

104

266

PO-10.9H

126

110

240

PO-5.3H

129

114

240

PO-1.0H

131

116

275

PO-0.0H

134

117

261

Determined at a heating/cooling rate of 10 °C min-1. Peak Tm determined from the second heating cycle.

Figure 6.13. DSC heating traces of random long-spaced polyoxyalkylenes (second heating cycles shown,
heating rate: 10 °C min-1).

The crystalline properties of polyoxyalkylenes were determined by WAXD analysis
(Figure 6.14). For randomly long-spaced polyoxyalkylenes orthorhombic crystal structures
are found (as exemplary shown for PO-20.6H and PO-40.1H, displaying reflexes with
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2 angles of 21.5° and 24.0° for the 110 and 200 plain, respectively) comparable to mid-chain
regular polyoxyalkylenes PO-9, PO-10 and PO-12 and linear polyethylene (cf. Table 6.2).136
From IR spectroscopy, Davidov splitting of the CH2 scissoring and rocking vibrations are
observed for all long-spaced polyoxyalkylenes (Figure 6.15). Obviously, isolated oxygen
atoms are incorporated in all-trans crystalline hydrocarbon structures more easily than the
acetal motive, since no specific conformational characteristics are associated with ether
groups in linear hydrocarbon molecules.

Figure 6.14. WAXD patterns PO-20.6H (A) and PO-40.1H (B).

Figure 6.15. IR spectra of long-spaced polyoxyalkylenes (insets are focused on the areas of the CH2 scissoring
and CH2 rocking vibrations).

As outlined for carbonyl functionalized polyethylenes in the previous chapters, the
Sanchez-Eby inclusion model helps to describe the incorporation of the single oxygen
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moieties of polyoxyalkylenes within polyethylene crystal lattices to provide a correlation
between the functional group contents and the melting temperatures. Regarding
polyoxyalkylenes as copolymers of methylene units with oxygen atoms as disturbing units, a
plot of the melting points (Tm) versus the mole fraction of ether groups (XO) follows a linear
relationship (Figure 6.16), which can be assigned with
𝑇𝑚 = (133 − 565 ∗ 𝑋O ) °𝐶.

(8)

Figure 6.16. Peak melting points of long-spaced ADMET and regular mid-chain polyoxyalkylenes (orange)136
and polyacetals (violet) vs. the mole fraction of functional/defect groups.
Table 6.7. Experimental dipole moments of short-chain model compounds129 and energy penalty  for
polycarbonates, polyesters, polyketones and polyoxyalkylenes calculated from the linear regressions displayed in
Figure 5.15 and Figure 6.16 based on the Sanchez-Eby inclusion model.
Compound

Dipole Moment µ (D)a

 from Eq. (4) Functionalized
Polyethylenes

0.91

1033 (

1.75

683 (

2.70

191 (

1.13

565 (

diethyl carbonate

ethyl butyrate

3-heptanone

di-n-propylether
a

84

Determined at 25 °C in benzene.
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Here, regularly spaced polyoxyalkylenes like PO-50.0H and the mid-chain compounds
PO-12, PO-10 and PO-9 fit well with the irregularly spaced ADMET polyoxyalkylenes in the
linear regression. Regarding the value for the energy penalty  for polyoxyalkylenes derived
from the Sanchez-Eby inclusion model equation (4), the disturbing effect of ether groups
within crystalline hydrocarbon chains is slightly reduced compared to the disturbing effect of
ester groups (resulting in slightly higher melting points for long-spaced polyoxyalkylenes
compared to long-spaced polyesters). However, a significantly lower dipole moment is found
for the ether moiety compared to the ester group (Table 6.7). Since no significant melting
point increase is observed for regular polyoxyalkylenes compared to randomly spaced
ADMET polyoxyalkylenes, the occurrence of polar layer formation seems not to be of high
relevance for polyoxyalkylene chain crystallization (compared to carbonyl and acetal
functionalized polymers). The reason for the relatively high melting points of
polyoxyalkylenes might be rather connected with steric effects, since single oxygen atoms
incorporated into the hydrocarbon chains are smaller than e.g. ester units. Also for mid- and
short-chain regular polyoxyalkylenes and polyesters related melting points are found,
regarding exemplary PO-10 (Tm = 80-83 °C)136 and PE-10,12 (Tm = 83 °C),139 both
containing the same number of 100 functional groups per 1000 methylene units.

6.4 Conclusion
In summary, long-spaced polyacetals and polyoxyalkylenes were synthesized by ADMET
copolymerization of a non-functionalized ,ω-diene monomer with appropriately acetal and
ether functionalized ,ω-diene monomers, followed by post-polymerization hydrogenation to
yield saturated (co)polymers. The generated polyacetals and polyoxyalkylenes fill the gap
between long-chain polyacetals and polyoxyalkylenes (prepared from ,ω-diol based
polycondensation reactions) and linear polyethylene. While the crystalline properties of
polyoxyalkylenes coincide well with carbonyl functionalized polymer (polyesters,
polycarbonates, polyketones), a significantly more pronounced disturbing effect was found
for acetal groups within crystalline hydrocarbon chains, prohibiting the formation of the
orthorhombic crystal structure of polyethylene for higher acetal contents. Regarding the
melting point regressions, the general trend of Tm (polyketones) > Tm (polyoxyalkylenes) >
Tm (polyesters) > Tm (polycarbonates) > Tm (polyacetals) becomes obvious (Figure 6.17).
This trend is also reflected in the melting point of the ether functionalized ,ω-diene
monomer 35 (Tm = 10 °C) being slightly higher than for the ester monomer 14 (Table 6.8).
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Remarkably, the melting temperature of the acetal functionalized ,ω-diene monomer 34
(Tm = 9 °C) is close to the ether monomer 35, suggesting that the anomeric effect has little
influence on the crystal structure of these monofunctional compounds.

Figure 6.17. Peak melting points of long-spaces polyketones (red), polyoxyalkylenes (orange), polyesters
(green), polycarbonates (blue) and polyacetals (violet). The dashed lines are merely a guide to the eye
Table 6.8. Thermal properties of the functionalized ,ω-dienes used for ADMET copolymerizations.a
Compound

Tm (°C)

Tc (°C)

ΔH (J g-1)

-8

-18

161

5

-9

182

10

-3

214

41

33

187

9

-11

180

33

14

35

32

34
a
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Determined by DSC with a heating/cooling rate of 10 °C min-1. Peak Tm determined from the second heating
cycle.

7.

Long-Spaced Polyamides

7.1 Introduction
Different from other regularly spaced carbonyl functionalized polycondensates (compare
A2+B2 polyesters), chain crystallization behavior of polyamides is based on other principles.
Due to the tremendously polar character of amide groups (a dipole moment of 3.87 D is
reported for N-ethylbutyramide),129 the formation of intermolecular hydrogen bonds exercise
predominating effects on the polymer’s physical properties in molten and crystalline state.
During crystallization, hydrogen bonds regulate chain arrangements to form sheets of
extended planar chains,140,141 while van-der-Waals interactions between hydrocarbon
segments only play a minor role. Consequently, for short- and long-chain polyamides, which
are commonly prepared by A2+B2-polycondensation reactions of linear ,ω-diamines with
,ω-diacids (or their derivatives) or by ring opening polymerizations (ROP) of lactames
(Figure 7.1), no orthorhombic crystal structures are found.

Figure 7.1. Preparation of polyamides by polycondensation and ring-opening polymerization.

Since polyamides are one of the most important classes of today’s industrially produced
polymers,142 a large number of A2+B2-type short-, mid- and also long-chain aliphatic
polyamides has been synthesized and characterized over the last decades, demonstrating their
complex polymorphic solid-state structures. Odd, even or mixed alternating numbers of
methylene units between the amide functionalities induce individual chain arrangements to
generate a maximum number of hydrogen bonds, resulting in different types of molecular
packing (assigned as -, - and -modifications).143 For short-chain polyamides
polymorphism is a typical phenomenon. Depending on the crystallization conditions, several
crystalline modifications are possible for the same polymer. As an example, for PA-6
(prepared from ROP of -caprolactam) besides a monoclinic -form, which displays totally
stretched chains in the crystal lattice to enable a maximal number of hydrogen bonds, also a
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pseudohexagonal -form is found (Figure 7.2, left). This form is characterized by more
complex chain arrangements in the crystalline phase, where the C=O moieties are arranged in
horizontal plains. The establishment of maximum degrees of hydrogen bonds results in chain
contractions compared to the -form (Figure 7.2, right).144

Figure 7.2. Hydrogen bonds and chain arrangement of PA-6 in the -form (left) and -form (right).144

Interchain hydrogen bonds are responsible for the extraordinary physical properties of
semicrystalline polyamides, resulting in high melting points and mechanical strength. Thus,
polyamide-6,6 (PA-6,6, prepared by A2+B2 polycondensation of 1,6-hexamethylenediamine
with adipic acid) melts between 265 and 270 °C and displays a Young’s modulus of ca.
2000 MPa (compare HDPE: ca. 800-1000 MPa).2,144,145 The polar nature of amide groups is
also beneficial for resistance to apolar solvents, like hydrocarbon fuels. On the other hand, it
results in a substantial water uptake (e.g. up to 8.5 wt.% for PA-6,6 at a relative humidity of
100 %),146 such that swelling varies with the humidity of the environment. Long-chain, less
hydrophilic polyamides therefore possess an advantageously higher dimensional stability. As
an example, for PA-6,24 (from polycondensation of 1,6-hexamethylenediamine with
1,24-diacid) a water uptake of only 1.0% has been reported at a relative humidity of 50%
(while PA-6,6 shows an uptake of 2.5% under the same conditions).69,146
Regarding the melting behavior of linear polyamides (Figure 7.3), the general trend of
decreased peak melting points with reduced contents of amide groups in the polymer chain is
obvious.68 For example, while for PA-6,10 (containing 142.9 amide groups per 1000
methylene units) a melting point of 226 °C is found, the melting temperature is decreased to
146 °C for PA-18,22 (52.6 amide groups per 1000 methylene units). This further illustrates
the predominance of hydrogen bonds on solid state properties. These bonds are responsible
for the significantly higher melting temperatures of polyamides in comparison to other linear
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polycondensates with comparable densities of functional groups incorporated in the linear
polymer chains, e.g. polyesters (cf. Chapter 4.1).147,148

Figure 7.3. Peak melting points (grey, left axis) and densities (white, right axis) of long-chain aliphatic
polyamides according to Saotome and Komoto,68and linear polyethylene (Tm = 134 °C, ρ = 0.96 g cm-3).34 The
dashed lines are merely a guide to the eye.

Because an extrapolation of the melting points to very low amide concentrations leads to
melting points far below the Tm of linear polyethylene (Tm = 134 °C, Mn = 15000 g mol-1),34
theories dealing with the issue of melting in this region of highly ‘diluted’ polyamides were
developed.68,149,150 Since the melting points finally must converge toward polyethylene, a
minimum is expected. Extrapolating the densities of polyamides to hydrocarbons with very
low amide contents, Saotome and Komoto also found a drop below the density of linear
polyethylene (for HDPE: ρ = 0.96 g cm-3, cf. Table 1.1), though the amide moiety itself has a
larger density than a methylene unit (Figure 7.3).68 Consequently, the ability for chain
packing must be better in polyethylene than in polyamides. They suggest that the amide
groups evocate an increase in the intermolecular spacing of the crystalline polymer chains,
causing the minimum in density and reducing the cohesion energy for polyamides with a very
low content of amide functionalities compared to defect-free polyethylene, where the forces
between the crystalline hydrocarbon chains are based on van-der-Waals interactions. This
perturbation predominates over the additional intermolecular interactions contributed by
hydrogen bonds, causing the minimum in the melting behavior between polyamides with
higher degree of amide units and polyamides close to polyethylene.
Another approach to account for the melting point minimum is given by Bunn.151 Since the
incorporation of a small portion of polar groups in a polyethylene chain increases the
cohesion energy per chain unit only to a small extent, the additional flexibility of the polymer
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chain arising from the ease of rotation of the bonds adjacent to the CO-NH moieties
(displaying partial double bond character) predominates and results in a net depression of the
melting point in a polyamide by increasing the entropy term in the
𝑇𝑚 =

∆𝐻
∆𝑆

(9)

relationship (where ΔH is the heat of fusion and ΔS is the entropy of fusion).
Further studies expanding on polyamides based on long-chain aliphatic monomers
illuminated the melting and crystallization behavior of these materials,64,69,152,153,154,155 but
could not fill the relevant gap between polyethylene and existing polyamides. The synthesis
and work-up procedures of diacid and diamine monomers with even longer hydrocarbon
segments to generate polyamides with further reduced densities of amide functional groups
become more and more tedious, since multi-step synthetic approaches are necessary to
generate the required compounds.64,69,156 As discussed in the previous chapters, the utilization
of an ADMET copolymerization approach enables access to materials in the region between
polyethylene and long-chain A2+B2 polycondensates to investigate thermal properties and
crystalline solid-state structures of long-spaced polyamides.157

Figure 7.4. Synthesis of the amide functionalized ,ω-diene monomer 38.

7.2 Synthesis of Long-Spaced Polyamides
For the preparation of polyamides by ADMET copolymerization, N-(undec-10-en-1yl)undec-10-enamide 38 as an amide functionalized ,ω-diene monomer and undeca-1,10diene 28 as a non-functionalized ,ω-diene monomer were applied. Comparable to the route
described by Cramail and coworkers,103 monomer 38 was synthesized in a multistep
procedure based on 11-bromoundec-1-ene 16 and 10-undecenoic acid 27 (Figure 7.4). In a
substitution reaction of the bromide 16 with NaN3 the azide 36 was prepared. Afterwards, the
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amine 37 was generated via reduction of the azide with LiAlH4 and finally used to prepare the
amide monomer 38 by condensation with the acid chloride based on 10-undecenoic acid 27.

Figure 7.5. Preparation of long-spaced polyamides by ADMET copolymerization and post-polymerization
hydrogenation. The designation ‘PA-X’ indicates the number (X) of amide groups per 1000 methylene units
determined by 1H NMR spectroscopy, the additional ‘H’ designates saturated polyamides ‘PA-XH’.

Figure 7.6. 1H NMR spectra of the unsaturated polyamide PA-38.8 (top, CDCl3, 400 MHz, 25 °C) prepared by
ADMET copolymerization with G1 as a precursor for the olefin metathesis catalyst and the corresponding
saturated PA-38.8H (bottom, C2D2Cl4, 400 MHz, 130 °C) from hydrogenation of the carbon-carbon double
bonds. Reprinted with permission from reference 157. Copyright 2015 American Chemical Society.

Since with the application of G1 as the olefin metathesis catalyst precursor satisfying
conversions for other carbonyl functionalized dienes and no significant side reactions were
91

7. Long-Spaced Polyamides
obtained during ADMET copolymerizations, this olefin metathesis catalyst precursor was also
applied for copolymerization of different ratios of 38 and 28 to yield unsaturated polyamides
(Figure 7.5 and Table 7.1). To keep the reaction mixtures liquefied, the copolymerizations
were performed at reaction temperatures between 60 and 105 °C, depending on the melting
points of the resulting copolymers (being significantly influenced by the amide group
densities, vide infra) and under vacuum conditions to remove the ethylene byproduct. The
unsaturated copolymers obtained were hydrogenated with H2 using Wilkinson’s catalyst
[RhCl(PPh3)3]158 in a pressure reactor to yield saturated, aliphatic polyamides with amide
contents between 1.0 and 50.3 amide groups per 1000 methylene units (the latter originating
from

homopolymerization of the amide functionalized monomer

38). Complete

hydrogenation of the carbon-carbon double bonds was confirmed by the absence of signals for
the unsaturated protons by high temperature 1H NMR spectroscopy (Figure 7.6).
Table 7.1. Compositions and molecular weights of long-spaced polyamides prepared by ADMET
copolymerization using G1 as a catalyst precursor.
Theor.a /
Foundb

Compound

Monomer

Monomer

38 (mol%)

28 (mol%)

Amide

Mnc

Groups per

(g mol-1,

1000

GPC)

Mw/Mnc
(GPC)

Mnd
(g mol-1,
NMR)

Methylene
Units
PA-50.3(H)

100.0

0.0

52.6 / 50.3

n.a.e

n.a.e

3200

PA-38.8(H)

60.2

39.8

40.1 / 38.8

5200

1.5

3900

PA-30.3(H)

39.8

60.2

30.7 / 30.3

3900

1.4

2900

PA-19.8(H)

22.2

77.8

19.8 / 19.8

4200

1.7

3900

PA-11.5(H)

10.2

89.8

10.1 / 11.5

2100

1.9

2200

PA-6.2(H)

4.8

95.2

5.1 / 6.2

10700

1.8

7600

PA-1.0(H)

0.9

99.1

1.0 / 1.0

11900

1.9

9500

PA-0.0(H)

0.0

100.0

0.0 / 0.0

16600

2.3

9200

a

b

1

Calculated from the monomer weight ratio applied. Determined by H NMR spectroscopy of the resulting
unsaturated copolymers. c Determined by GPC in THF at 40 °C vs. polystyrene standards (unsat. polyamides).
d
Determined by end-group analysis from 1H NMR spectroscopy of the saturated polymers. e GPC analysis
hampered by a low solubility in THF.

The compositions of the resulting polyamides were found to be identical with the initial
monomer ratios (Figure 7.6), as determined by the ratios of signal intensities for the
methylene units adjacent to the amide functionalities to all proton resonances in the 1H NMR
spectra. The molecular weights were analyzed by GPC analysis (in THF at 40 °C vs.
polystyrene standards) and 1H NMR spectroscopy via end-group signal integration. While for
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copolymers with low amide contents molecular weights around 10000 g mol-1 were observed,
moderate to high amide incorporation rates lead to molecular weights between 1000 and
5000 g mol-1. Molecular weight distributions Mw/Mn around 2 were found, as expected for
well-behaved polycondensation reactions. However, in comparison to previous findings from
the synthesis of long-spaced polycondensates, ADMET copolymerizations with G1 yielded
polyamides with significantly lower molecular weights. Possibly, the more polar character of
the amide group together with the essentially high reaction temperatures to prevent
polymerization mixtures with high amide contents from solidifying impair the performance of
G1 in the copolymerizations. This consideration is further supported by the slightly decreased
molecular weights observed in the synthesis of long-spaced polyketones with higher ketone
contents (compared to polyesters and polycarbonates, cf. Chapter 5.2), where polymerization
temperatures also had to be raised due to the highly polar character of the ketone groups
(Table 5.6 and Figure 5.13).
Table 7.2. Compositions and molecular weights of long-spaced polyamides prepared by ADMET
copolymerization using HG1 and HG2 as catalyst precursors.
Theor.a /
Foundb

Compound

Monomer

Monomer

Cat.

38 (mol%)

28 (mol%)

Prec.

Amide

Mnc

Groups

(g mol-1,

per 1000

GPC)

Mw/Mnc
(GPC)

Mnd
(g mol-1,
NMR)

Methylene
Units
PA-50.5(H)

100.0

0.0

HG2

52.6 / 50.5

n.a.e

n.a.e

4500

e

n.a.

e

4800

PA-49.1(H)

100.0

0.0

HG1

52.6 / 49.1

n.a.

PA-43.8(H)

69.9

30.1

HG2

43.7 / 43.8

6800

1.5

3800

PA-38.5(H)

48.8

51.2

HG2

35.2 / 38.5

13400

1.5

8000

PA-33.5(H)

41.0

59.0

HG2

31.3 / 33.5

11400

1.5

7200

PA-24.8(H)

25.5

74.5

HG2

22.1 / 24.8

11000

1.8

6800

PA-17.5(H)

21.8

78.2

HG2

19.5 / 17.5

14700

2.0

11100

PA-11.6(H)

10.1

89.9

HG1

10.1 / 11.6

8000

1.7

4300

PA-5.5(H)

4.7

95.3

HG1

5.0 / 5.5

10500

1.8

5900

PA-1.4(H)

0.9

99.1

HG1

7800

1.8

4300

a

1.0 / 1.4
b

1

Calculated from the monomer weight ratio applied. Determined by H NMR spectroscopy of the re resulting
polymers. c Determined by GPC in THF at 40 °C vs. polystyrene standards. d Determined by end-group analysis
from 1H NMR spectroscopy of the saturated polymers. e GPC analysis hampered by a low solubility in THF.

To this end, Hoveyda-Grubbs 2nd generation catalyst (HG2) was studied, since higher
thermal stability at elevated reaction temperatures together with comparable high reactivities
toward various substrates in olefin metathesis reactions have been reported for this catalyst
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precursor.26,159 Studies of ADMET polymerizations by HG2 demonstrated constant catalytic
activities over a broad temperature range, even yielding polymers with molecular weights of
10000 g mol-1 at temperatures of 120 °C (as shown for the polymerization of ester
functionalized ,ω-dienes).160,161 Also polymerizations of amide functionalized dienes have
been reported for this catalyst precursor.162,163 However, a significantly higher degree of
carbon-carbon double bond isomerization,164 has been proven for second generation olefin
metathesis catalysts, especially at high reaction temperatures (compare Chapter 1.2).
In copolymerization experiments under the same conditions as applied with G1, indeed
higher molecular weights could be achieved with HG2 as the catalyst precursor, ranging from
3000 to 11000 g mol-1 (Table 7.2). For polymers with higher incorporations of functional
groups, however, the molecular weights still remained lower compared to ADMET derived
copolymers with other functionalities. A drastic decrease in the degree of polymerization was
obtained in copolymerizations of mixtures containing very low amounts of the amide
functionalized monomer 38. Due to an insufficient solubility of HG2 in apolar reaction
media, only short-chain oligomers or monomer/dimer mixtures could be obtained. To resolve
this issue, Hoveyda-Grubbs 1st generation catalyst (HG1) was studied. Significantly higher
solubilities were observed for this alkylidene (likely due to the more lipophilic PCy3 ligand)
in the largely hydrocarbon reaction media and the copolymerizations yielded polyamides with
molecular weights on the same order as prepared with G1. Also in the homopolymerization of
the amide diene monomer, HG1 provided satisfactory molecular weights comparable to those
obtained with HG2.
An exceeding carbon-carbon double bond isomerization behavior, evocating higher
numbers of amide functionalities in the resulting copolymers (when besides the expulsion of
ethylene longer-chain olefins like propylene or butylenes are released during the metathesis
process) was not observed. The analysis of the polyamide compositions by 1H NMR
spectroscopy showed similar contents of functional groups compared with the initial
monomer ratios.

7.3 Thermal and Crystalline Properties of Long-Spaced Polyamides
The thermal properties of unsaturated and saturated polyamides were analyzed by DSC.
The peak melting points of the unsaturated copolymers depend strongly on the amide contents
and increase from ca. 40 °C for unsaturated polyamides with 0 to ca. 25 amide groups to
values around 100 °C for polymers with 50 amide groups per 1000 methylene units (Table 7.3
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and Figure 7.7, left), while the heats of fusion are reduced from ca. 100 J g-1 for PA-0.0 to ca.
50 J g-1 with increasing amide content (Figure 7.7, right). The increasing polar character of
the unsaturated copolymers with high amide concentrations is also reflected in a reduced
miscibility with apolar solvents like toluene or xylene at temperatures above the polymers’
melting points, resulting in two-phase systems.
Table 7.3. Thermal properties of unsaturated and saturated polyamides.a
Compound

Catalyst

Unsaturated Polyamides PA-X

Saturated Polyamides PA-XH

Precursor

Tm (°C)

Tc (°C)

ΔH (J g )

Tm (°C)

Tc (°C)

ΔH (J g-1)

PA-50.5(H)

HG2

99

85

56

128

114

76

PA-50.3(H)

G1

103

91

57

143

126

94

PA-49.1(H)

HG1

92

78

53

136

121

66

PA-43.8(H)

HG2

81

67

44

126

111

79

PA-38.8(H)

G1

90

74

42

116

107

136

PA-38.5(H)

HG2

74

38

45

109

94

94

PA-33.5(H)

HG2

79

50

45

115

93

118

PA-30.3(H)

G1

78

59

46

113

90

143

PA-24.8(H)

HG2

42

23

31

115

100

163

PA-19.8(H)

G1

49

25

29

118

104

201

PA-17.5(H)

HG2

49

19

40

116

100

148

PA-11.6(H)

HG1

44

15

59

125

110

197

PA-11.5(H)

G1

36

17

43

118

105

257

PA-6.2(H)

G1

44

17

71

130

113

259

PA-5.5(H)

HG1

47

20

81

130

114

237

PA-1.4(H)

HG1

38

23

103

130

115

266

PA-1.0(H)

G1

46

29

94

132

117

270

PA-0.0(H)

G1

41

28

103

134

117

261

a

-1

-1

Determined at a heating/cooling rate of 10 °C min . Peak Tm determined from the second heating cycle.

As expected, the melting points of the hydrogenated, saturated polyamides pass through a
minimum with decreasing numbers of incorporated amide groups and converge finally to
linear polyethylene (Tm = 134 °C, Figure 7.7, left) . The minimum melting point, around
110 °C, is found for polyamides with ca. 35 amide groups per 1000 methylene units. A
relatively strong variation in the melting points is observed for polyamides with high amide
contents around 50 (groups per 1000 methylene units), though NMR analysis indicates
comparable amide contents (cf. first three entries in Table 7.3). For these polymers on the
right-handed site of the melting minimum, broad melting transitions are observed in the DSC
traces (Figure 7.8), hindering the identification of a precise peak value for Tm for some
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polyamides. Contrarily, on the left-handed site of the minimum, sharp and distinct melting
transitions typical for linear polyethylene-related materials are observed.

Figure 7.7. Left: Peak melting points of unsaturated polyamides (colorless) and saturated polyamides (yellow)
synthesized by ADMET copolymerization using G1 (circles) and HG1 or HG2, respectively (diamonds). Right:
Heat of fusion (ΔH) values for unsaturated polyamides (colorless) and saturated polyamides (yellow) using G1
(circles) and HG1 or HG2, respectively (diamonds). The dashed lines are merely a guide to the eye.

Figure 7.8. DSC heating traces of saturated ADMET polyamides (second heating cycles shown, heating rate:
10 °C min-1). Reprinted with permission from reference 157. Copyright 2015 American Chemical Society.
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Comparing samples of similar composition, but variable molecular weights, no strong
differences in Tm are observed. This indicates that for the samples studied molecular weight is
not crucial in terms of thermal properties. Also, the choice of metathesis catalyst does not
appear to affect the melting behavior in the resulting materials after hydrogenation. The
melting points of the random polyamides prepared by ADMET copolymerization connect
with the data reported by Saotome and Komoto for regular polyamides from a classical A2+B2
polycondensation approach (Figure 7.9).68

Figure 7.9. Peak melting points of the saturated polyamides prepared (yellow) and long-chain aliphatic
polyamides (grey) reported by Saotome and Komoto. 68 Reprinted with permission from reference 157. Copyright
2015 American Chemical Society.

Heats of fusion (ΔH) above 250 J g-1 are found for polyamides with very low amide
contents close to polyethylene (which correspond to crystallinities > 80%,5 Figure 7.7, right).
Significantly lower values for ΔH are found for polyamides with intermediate and higher
amide contents compared to other materials containing the same number of polar groups e. g.
polyesters and polycarbonates (cf. Chapter 4.4 and 5.3). IR spectroscopy shows,165 that
virtually all amide groups are involved in hydrogen bonding (Figure 7.10). This is even the
case for polymers with relatively low amide concentrations, as concluded from comparable
values for the single NH stretching vibration between 3307 cm-1 and 3320 cm-1 (the hydrogen
bonded NH stretching mode is located at 3300 cm-1, while non-bonded NH stretching modes
would appear above 3400 cm-1).166 To enable these high degrees of hydrogen bonding in
randomly distributed amide containing polymer chains, sophisticated chain arrangements
together with complex crystalline structures must be present, as also indicated by broad
melting transitions for polymers with moderate to high amide contents.
The crystalline structures of the novel saturated polyamides were elucidated by WAXD
patterns of selected polymer samples (Figure 7.11). For polyamides with higher amide
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contents (patterns A, B and C) two reflexes of comparable intensities are observed. While the
first reflex at a 2 angle of ca. 20.1° remains relatively constant, the second reflex is shifted
from 22.7° (A) to 23.3° (C) with decreasing amide content in the polyamides. With the further
reduction of the amide density in the polymer chain, a significant change in the crystal
structure is observed. For PA-17.5H an orthorhombic crystal structure becomes favored,
displaying 2 angles at 21.4° and 23.7° (D), similar to the structure of linear hydrocarbon
chains in the all-trans zigzag conformation for polyethylene (displaying 2 angles of 21.5° for
the 110 plane and 23.9° for the 200 plane, pattern F). The change in the crystal structure
coincides with the observed minimum in the melting behavior. This conclusion is also
confirmed by IR spectroscopy (Figure 7.10).

Figure 7.10. IR spectra of saturated ADMET polyamides (insets are focused on the areas of the CH 2 scissoring
and CH2 rocking vibrations).
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Characteristic absorbances indicating the orthorhombic crystal structure are clearly found
at 1472-1473 cm-1 and 1463-1464 cm-1 as Davidov splitting for the CH2 scissoring vibration
and at 718-720 cm-1 and 730-731 cm-1 for the CH2 rocking vibration for PA-24.8H and
polyamides with lower amide contents. For higher amide contents the splittings are not
observed, rather single broad bands are found.
These experimental findings in principle agree with the theoretical considerations of
Saotome and Komoto.68 Polyamides with low amide contents crystallize in orthorhombic,
polyethylene-like crystal structures. The amide groups exhibit a perturbing effect on the
hydrocarbon polymer crystals, causing an increase in the intermolecular spacing between the
chains, leading to reduced overall cohesion energy with increasing amide contents and
consequently reduced melting points and heats of fusion compared to linear polyethylene. The
small shifts of the reflexes in the WAXD pattern of PA-17.5H (D) compared to linear
polyethylene together with a more distinct amorphous halo indicate these assumptions.

Figure 7.11. WAXD patterns of polyamides PA-50.5H (A), PA-43.8H (B), PA-38.5H (C), PA-17.5H (D), PA5.5H (E) and PA-0.0H (F), corresponding to linear polyethylene. Reprinted with permission from reference 157.
Copyright 2015 American Chemical Society.

The aforementioned perturbation dominates over the contribution of polar interactions by
hydrogen bonding. In the melting minimum however, the contribution of hydrogen bonding
appears to balance the amides’ perturbing effect. For polyamides with higher amide contents
(including the regular polyamides from A2+B2 polycondensations and ring-opening
polymerizations) the polar interactions represent the major contribution to the cohesion
energy, controlling packing and configurations of the polymer chains. 167 The hydrogen bonds
disturb the crystallization of the remaining hydrocarbon chain segments in such an extent, that
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an orthorhombic crystal structure cannot be adopted anymore (in contrast to polyesters and
polycarbonates with comparable functional group contents in the chain) and lead to further
reductions in the heats of fusion (which converge to values related to short- and mid-chain
polyamides like PA-6,6 and PA-6,10. For these polyamides ΔH values of 73 J g-1 and 59 J g-1
have been reported, respectively, corresponding to crystallinities below 40%, since heats of
fusion of 196 J g-1 and 200 J g-1 are reported for 100 % crystalline PA-6,6 and PA-6,10,
respectively).168 The low heats of fusion are reasonable regarding the melting point definition
via the
𝑇𝑚 =

∆𝐻
∆𝑆

(9)

expression. The melting entropy ΔS (describing the change of entropy between the molten
and the solid state) becomes significantly lower for polyamides with increasing amide
contents, as high numbers of hydrogen bonds remain present during the melting process,169
reducing the chain flexibility in the molten state (compared to polyethylene, polyesters
etc.).170 A clear assignment of the WAXD crystal structures of the saturated ADMET
polyamides with higher amide group contents (patterns A, B and C in Figure 7.11) remains
challenging. Regarding the shapes, intensities and 2 angles of the two reflexes, the patterns
appear comparable to data reported by Cui and Yan for regular odd-even PA-X,11 (prepared
by polymerization of 1,11-undecanedioic acid and short-chain diamines with even numbers of
methylene units),171 which were assigned as an -like form in a monoclinic unit cell. In the
-modification, the molecules form sheets of fully extended methylene chains, connected by
layers of hydrogen bonds between amide groups with regular distances.140 In the ADMETderived polyamides, however, the establishment of fully extended hydrocarbon chain
segments between adjacent amide groups in a crystalline phase is less likely, since the amide
groups are largely distributed along the chain in a random fashion. Presumably, a high degree
of chain-folding within the long-chain hydrocarbon segments, as shown for PA-X,34
(prepared by polymerization of 1,34-diacid and short-chain diamines containing even
numbers of methylene units),154 together with the rather low crystalline character might be the
dominant feature to establish amide hydrogen bonds in crystalline chain segments.155
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7.4 Polyesteramides
In the last decades, saturated aliphatic polyesteramides received interest in research and
industry due to their thermoplastic and biodegradable properties.172,173 Hydrogen bonds
between the amide groups establish mechanical strength and stiffness, while the ester groups
can be cleaved hydrolytically or via biodegradation under appropriate conditions.174
Polyesteramides containing short hydrocarbon chain segments are commonly generated by
condensation copolymerizations of the corresponding (partially biobased) diacids or acid
chlorides with diols and diamines175,176 or -amino acids,177,178 by ring-opening
copolymerizations of lactones and lactams179,180 or combined methods.181 With varying ester
to amide ratios, typically drastic changes in the crystalline and physical properties of the
materials are observed, as exemplified by copolymers based on 1,10-decandiol and
1,6-diaminohexane with adipoyl chloride182 or on -caprolactone and -caprolactam.180,183,184
An exact adjustment of the functional group ratio and completely random incorporation in the
copolymer are difficult to achieve, due to different reactivities of the amine and alcohol (or
lactam/lactone) compounds.

Figure 7.12. Synthesis of aliphatic polyesteramides with various (a/b) ratios by ADMET copolymerization and
post-polymerization hydrogenation. The designation ‘PEaAb-X’ indicates the number (X) of functional groups
per 1000 methylene units. The additional ‘H’ assigns hydrogenated, saturated polyesteramides.
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Table 7.4. Thermal properties of diene monomers and dipole moments of the functional groups 129 within shortchain aliphatic molecules.a
Compound

Tm (°C)

Tc (°C)

ΔH (J g-1)

µ (D)b

-8

-18

161

0.91

5

-9

182

1.75

41

33

187

2.70

52

40

114

3.87c

33

14

32

38
a

Determined by a heating/cooling rate of 10 °C min-1. Peak Tm determined from the second heating cycle.
b
Determined at 25 °C in benzene. c For the dipole moment of the amide group, N-ethylbutyramide was
consulted.

Table 7.5. Compositions and molecular weights of polyesteramides prepared by ADMET copolymerizations.
Foundb

Theor.a /

Theor.a /

Foundb

Foundb

Ester

Amide

Monomer

Monomer

14 (mol%)

38 (mol%)

PE1A0-53.6(H)

1.00 / 1.00

0.00 / 0.00

53.6

PE0.87A0.13-52.2(H)

0.88 / 0.87

0.12 / 0.13

PE0.76A0.24-51.9(H)

0.75 / 0.76

PE0.64A0.36-51.9(H)

Functional

Mnc

Mw/Mnc

Mnd (g mol-1,

(GPC)

NMR)

21400

1.9

15200

52.2

21900

1.9

13500

0.25 / 0.24

51.9

24900

2.0

20000

0.63 / 0.64

0.37 / 0.36

51.9

21500

1.9

10100

PE0.50A0.50-49.8(H)

0.49 / 0.50

0.51 / 0.50

49.8

19700

1.8

14600

PE0.40A0.60-50.5(H)

0.39 / 0.40

0.61 / 0.60

50.5

19600

1.6

13800

PE0.25A0.75-51.6(H)

0.26 / 0.25

0.74 / 0.75

51.6

22100

1.7

14500

PE0.13A0.87-51.5(H)

0.12 / 0.13

0.88 / 0.87

51.5

17100

1.6

12000

PE0A1-50.5(H) e

0.00 / 0.00

1.00 / 1.00

50.5

n.a.f

n.a.f

4500

Compound

a

Groups per
1000
Methylene

(g mol-1,
GPC)

Units

b

1

Calculated from the monomer weight ratio applied. Determined by H NMR spectroscopy of the unsat.
copolymers. c Determined by GPC in THF at 40 °C vs. polystyrene standards (unsat. polyesteramides).
d
Determined by end-group analysis from 1H NMR spectroscopy (saturated polyesteramides). e Polymer identical
with PA-50.5H in Table 7.2. f GPC analysis hampered by a low solubility in THF.

Here, ADMET copolymerization again provides an efficient method, when the amide
containing diene monomer 38 previously used for polyamide preparation is randomly
copolymerized with the ester functionalized diene 14 (Figure 7.12). By this approach, the
different contributions to the cohesion energy by hydrogen bonding forming amide and less
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polar ester groups in hydrocarbon chains can be investigated, while the overall number of
functional groups remains constant (ca. 52 functional groups per 1000 methylene units). Both
monomers resemble each other concerning their atomic constitution and molecular weight,
just differing in the oxygen and NH atoms in the polar groups. The difference of 47 °C
between the monomers’ melting points (38: Tm = 52 °C; 14: Tm = 5 °C; cf. Table 7.4)
illustrates the considerably higher polar character of the amide group compared to the ester
group.

Figure 7.13. 1H NMR spectra of the unsaturated polyesteramide PE0.25A0.75-51.6 (top, CDCl3, 400 MHz, 25 °C)
prepared by ADMET copolymerization and the corresponding saturated PE0.25A0.75-51.6H (bottom, C2D2Cl4,
400 MHz, 130 °C) from hydrogenation of the carbon-carbon double bonds. Reprinted with permission from
reference 157. Copyright 2015 American Chemical Society.

Different monomer ratios were copolymerized using HG2 as a catalyst precursor to yield
unsaturated polyesteramides, while the homopolymerization of 14 yielded the unsaturated
polyester for comparison (Table 7.5).50 Saturated polymers were obtained by exhaustive
carbon-carbon double bond hydrogenation as already described for polyamides. Molecular
weight analysis by 1H NMR spectroscopy and GPC revealed Mn values above 10000 g mol-1
with polydispersities Mw/Mn around 2 for the polyesteramides and the ester homopolymer,
while a significantly lower molecular weight and degree of polymerization were observed for
the amide homopolymer (vide supra). The polymer compositions (regarding the ester/amide
ratios and the overall functional group contents) determined by 1H NMR spectroscopy were
found to coincide with the initial monomer ratios (Figure 7.13).
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Table 7.6. Thermal properties of unsaturated and saturated polyesteramidesa
Unsat. Polyesteramides PEaAb-X

Compound

Sat. Polyesteramides PEaAb-XH

Tm (°C)

Tc (°C)

ΔH (J g )

Tm (°C)

Tc (°C)

ΔH (J g-1)

PE1A0-53.6(H)

59

45

121

97

81

189

PE0.87A0.13-52.2(H)

58

44

109

94

79

170

PE0.76A0.24-51.9(H)

62

40

99

95

79

156

PE0.64A0.36-51.9(H)

70

37

81

92/97

78

135

PE0.50A0.50-49.8(H)

68

42

55

101/108

77/91

102

PE0.40A0.60-50.5(H)

65

53

35

101/105

87

84

PE0.25A0.75-51.6(H)

68

38

37

103

93

83

PE0.13A0.87-51.5(H)

87

32

42

98/114

99

64

99

85

56

128

114

76

PE0A1-50.5(H)
a

b

-1

Determined at a heating/cooling rate of 10 °C min-1. Peak Tm determined from the second heating cycle.
b
Polymer identical with PA-50.5H in Table 7.3.

Only small changes in the melting temperatures in the range of 58 to 70 °C are observed for
most unsaturated copolymers with varying ester to amide ratios (Table 7.6 and Figure 7.14,
left). For PE0.13A0.87-51.5, possessing an amide content close to the amide homopolymer, a
significant increase in the melting temperature is observed, which finally approaches 99 °C
for the latter (PE0A1-50.5). Contrarily, the heats of fusion decrease from above 100 J g-1 to ca.
50 J g-1 for the pure amide homopolymer (Figure 7.14, right).

Figure 7.14. Left: Peak melting points of unsaturated polyesteramides (colorless) and saturated polyamides
(turquoise) synthesized by ADMET copolymerization. Right: Heat of fusion (ΔH) values for unsaturated
polyesteramides (colorless) and saturated polyamides (turquoise). The dashed lines are merely a guide to the eye.

Also for the saturated polyesteramides only small changes in the melting temperature
(which is around 100 °C) are observed for variable amide contents. Only for compositions
approaching the pure polyamide, higher melting points are found. A slightly lower Tm is
observed for the polyester homopolymer prepared with HG2 as a polymerization catalyst
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precursor than reported previously for polyesters prepared with G1 (cf. Chapter 4.4), which
may be due to the increased propensity of HG2 for isomerization, leading to a higher degree
of randomization of the functional groups within the polymer chains. While for the ester
homopolymer and the polyesteramide with low amide content sharp melting transitions and
heats of fusion above 150 J g-1 are found, higher amide contents go along with lower heats of
fusion and with broad melting transitions (Figure 7.15), as already observed for the pure
polyamides. For several polyesteramides containing moderate to high amide contents two
relatively distinct peak melting points are found.

Figure 7.15. DSC heating traces of saturated polyesteramides. Second heating cycles shown, heating rate 10 °C
min-1. Reprinted with permission from reference 157. Copyright 2015 American Chemical Society.

WAXD patterns were recorded to investigate, whether the theoretical approach of Saotome
and Komoto68 can be partially applied for ADMET polyesteramides as well. Pure long-chain
polyesters (like PE1A0-53.6H), crystallize in the polyethylene-related orthorhombic structure
(Figure 7.16, pattern A), since the ester groups are incorporated in the all-trans hydrocarbon
crystal lattice as defects, resulting in reduced melting points and lower crystallinities
compared to linear polyethylene (cf. Chapter 4). With a substitution of ester groups for amide
groups, a further increase in the interchain spacing is probable, compensating the additional
cohesion energy arising from hydrogen bonding (which can also occur between amide and
ester functionalities) and resulting in relatively constant peak melting points with still sharp
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melting transitions. The orthorhombic structure displaying 2 angles of 21.4° and 23.8° is still
maintained (B), but an enlarged amorphous halo is observed in the WAXD pattern of
PE0.76A0.24-51.9H, together with a reduced heat of fusion. For higher amide contents as
present in PE0.25A0.75-51.6H the orthorhombic structure is not favorable (D) (also evidenced
by the loss of the Davidov splitting of the CH2 scissoring and rocking vibrations in the IR
spectra, cf. Figure 7.17), since an all-trans conformation in the hydrocarbon segments cannot
be established anymore, when the majority of ester groups are forced to hydrogen bonding by
an excessive number of amide groups. The patterns of the resulting structures are comparable
to saturated ADMET polyamides (E). Also, the thermal transitions are broadened and ΔH
values are further reduced. Finally, the melting points converge toward 128 °C for PE0A150.5H with increasing amide content, when the contribution to the cohesion energy by
hydrogen bonding becomes dominant. Interestingly, PE0.50A0.50-49.8H displays an
intermediate WAXD pattern (C), where both (the orthorhombic and the polyamide) structures
can be assigned. Hence, for this polymer the lower melting point (101 °C) might be assigned
as the melting of the orthorhombic crystal phase, while the other phase melts at higher
temperatures (108 °C).

Figure 7.16. WAXD patterns of polyesteramides PE1A0-53.6H (A), PE0.76A0.24-51.9H (B), PE0.50A0.50-49.8H
(C), PE0.25A0.75-51.6H (D) and PE0A1-50.5H (E), which corresponds to PA-50.5H in Figure 7.11. Reprinted
with permission from reference 157. Copyright 2015 American Chemical Society.

Variable crystal structures were also observed by Goodman and coworkers for
polyesteramides based on -caprolacone and -caprolactam as monomers with varying ester
and amide contents.180 Compared to the ADMET derived polyesteramides, these copolymers
contain considerably more polar groups, namely altogether 200 ester and amide
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functionalities per 1000 methylene units. For these materials a transformation in the
crystalline structure from the polycaprolactam to the polycaprolactone was assigned,183 going
along with a clear melting point minimum for copolymers with amide contents between 20
and 30 mol%, ca. 20 °C below the melting temperature of the ester homopolymer. However,
such a decrease in the Tm is not observed for the long-chain ADMET derived polyesteramides
studied here, which possess a significantly lower content of polar groups and a more random
character.

Figure 7.17. IR spectra of saturated polyesteramides (insets are focused on the areas of the CH2 scissoring and
CH2 rocking vibrations).

7.5 Conclusion
Long-spaced polyamides with very low amide contents were prepared by ADMET
copolymerization of the amide functionalized diene 38 with the non-functionalized diene 28,
followed by exhaustive hydrogenation. These polymers fill the gap between linear
polyethylene and long-chain polyamides from classical polymerization methods (A2+B2
polycondensations and ROP). In contrast to other long-spaced carbonyl functionalized,
aliphatic polymers (polyketones, polyesters, polycarbonates), for polyamides with higher
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degrees of functionalization (> 35 amide groups per 1000 methylene units) decreasing melting
temperatures are observed for lower polar group contents (Figure 7.18). This behavior is
related to the strong polar character of the amide group, enabling the formation of hydrogen
bonds between adjacent polymer chains, both in melt and the crystalline solid state.
Therefore, hydrogen bonds are mainly responsible for the regulation of chain arrangements
during crystallization for polyamide chains, while van-der-Waals interactions between
hydrocarbon segments only play a minor role. However, with further reduction of the amide
contents, the hydrocarbon crystalline character becomes relevant and van-der-Waals
interactions enable the formation of polyethylene-like orthorhombic crystal structures. This
change proceeds parallel with a minimum in the melting points (found at ca. 110 °C) and
significant increases of the heats of fusion, both converging finally to values found for linear
polyethylene. The melting minimum was predicted from theoretical considerations since the
1950s,68,149,150 but not observed so far due to the insufficient accessibility of the desired
polyamides.

Figure 7.18. Peak melting points of long-spaced polyamides (yellow), together with other carbonyl
functionalized polymers (polyketones, polyesters, polycarbonates; grey). The dashed lines are merely a guide to
the eye.

The predominating effect of hydrogen bonds on the crystalline properties was further
illustrated for polyesteramides with various ester/amide contents, generated by ADMET
copolymerization of 38 with the ester functionalized diene 14 and postpolymerization
hydrogenation. In contrast to less polar ester groups, which can be readily incorporated in
hydrocarbon crystal lattices, amide groups disturb the formation of the orthorhombic crystal
structure by the establishment of intermolecular hydrogen bonds (which can be also
108

7. Long-Spaced Polyamides
established between amide and ester groups), making the all-trans conformation of
hydrocarbon segments unfavorable. Though a distinct melting minimum is not observed for
polyesteramides, the relatively constant melting points for copolymers with low and
intermediate amide contents are conspicuous.
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8.

General Summary and Conclusion
ADMET polymerization of branched or functionalized ,ω-dienes was established in the

last

two decades

to

generated precisely alkyl

and functional

group branched

polyethylenes.15,16,17 Studies comparing precisely with randomly branched and functionalized
polymers demonstrated the different crystalline properties, displaying the principle of
microstructure control via the polymer chain constitution in bulk materials.39
Exploiting these principles in single lamellar nanoparticles, well-defined polyethylene
nanocrystals were prepared by nanoprecipitation of the precisely carboxy branched
polyethylene C45-COOH (carrying carboxylic acid groups on every 45th backbone carbon
atom) in an aqueous environment (Chapter 3).82 An eight step synthetic strategy was
established to generate the appropriately functionalized ,ω-diene monomer 8, applying ethyl
erucate as a source for long-chain hydrocarbon segments (Figure 8.1).

Figure 8.1. Synthetic approach for the preparation of C45-COOH (polyethylene functionalized with carboxy
groups on every 45th backbone carbon atom).

Figure 8.2. Schematic representation of the control over the lamellar thickness of self-stabilized single
polyethylene nanocrystals via the polymer microstructure (left) and cryo-TEM images of nanocrystals of C21COOH and C45-COOH oriented parallel to the electron beam (right). Carboxylic acid branches are drawn as
blue spheres. Reprinted with permission from reference 82. Copyright 2013 American Chemical Society.

ADMET polymerization of the diene monomer, followed by carbon-carbon double bond
reduction and deprotection of the acid group, yielded saturated C45-COOH. Self-stabilized
nanoparticles based on C45-COOH and C21-COOH (carrying carboxylic acid groups on
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every 21st backbone carbon atom)44,83 were analyzed by cryo-TEM measurements,
demonstrating platelet-like structures of crystalline hydrocarbon lamellae with thicknesses of
5-6 nm and ca. 3 nm, respectively, corresponding to the regular distances between
neighboring carboxy groups on the polymer backbones (Figure 8.2). While for polyethylene
nanocrystals generated by insertion polymerization of ethylene in aqueous systems
crystallization of the growing polymer chains determines their structure formation,12 the
defined shape and surface chemistry for nanoparticles of C45-COOH and C21-COOH result
from an encoding of crystal size directly in the polymer microstructure. ADMET derived
polyethylene nanocrystals also appear attractive for the generation of nano-structured
assemblies, serving either as building blocks or nucleating agents, enabling further surface
functionalization.
In an analogous synthetic approach C45-COOEtHex as a precisely 2-ethylhexyl ester
functionalized polyethylene was prepared to reveal, if such an encoding of crystalline
nanoparticles is also feasible in organic dispersion media. Nanoparticles of C45-COOEtHex
were generated in THF, however, a clear evidence for anisotropy and particle crystallinity
control was not observed to date. Swelling effects by the organic solvent together with
inadequate steric stabilization provided by the 2-ethylhexyl ester functionalities might be
responsible for the significantly reduced crystalline character and only limited colloidal
stability over time of these observed nanoparticle dispersions in organic media.

Figure 8.3. Preparation of long-spaced functionalized aliphatic polymers (polyesters, polycarbonates,
polyketones, polyoxyalkylenes, polyacetals and polyamides) by ADMET copolymerization of functionalized
,ω-diene monomers with a non-functionalized ,ω-diene monomer, followed by exhaustive hydrogenation.
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Due to the recent developments concerning the preparation of novel long-chain
polycondensates based on renewable feedstocks, the issue of the development of melting
points with increasing hydrocarbon character toward linear polyethylene is of fundamental
interest. While the crystalline properties of polyethylene and related copolymers are well
studied, unsatisfying data exist for the crystalline and thermal properties of polycondensates
converging toward polyethylene. Because the synthesis of difunctionalized monomers (,ωdiols, ,ω-diacids, ,ω-diamines) for A2+B2 polycondensation becomes more and more
challenging with increasing aliphatic chain lengths, ADMET copolymerization approaches
were developed to generate model polycondensates with highly ‘diluted’ functional groups
(Figure 8.3).65,105,127,157 Long-spaced polyesters, polycarbonates and polyacetals were
synthesized by copolymerizations of different ratios of appropriately functionalized diene
monomers and a non-functionalized diene monomer, yielding randomly functionalized,
unsaturated copolymers with polar group contents between 52.6 and 0 (corresponding to
linear polyethylene) per 1000 methylene units and molecular weights on the order of
104 g mol-1 (Chapters 4, 5, and 6). After exhaustive carbon-carbon double bond
hydrogenation, the saturated polymers fill the gap between polymers derived from classical
synthetic strategies and polyethylene, revealing the convergence of the peak melting points
from values between 80 and 100 °C (for polyacetals and polyesters, respectively) toward
134 °C (corresponding to defect-free polyethylene, Figure 8.4).34

Figure 8.4. Peak melting points of long-spaced polyketones (red), polyoxyalkylenes (orange), polyesters (green),
polycarbonates (blue) and polyacetals (violet). The dashed lines are merely a guide to the eye.

For comparison, long-spaced polyketones and polyoxyalkylenes were prepared via the
same ADMET copolymerization approach, followed by double bond hydrogenation
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(Chapters 5 and 6). The significantly different impact of carbonyl functionalities on the
thermal properties of polyketones, polyesters and polycarbonates compared to polyethylene
was related to the different polarities of the functional groups, resulting in layering of polar
groups. Since carbonyl functions are incorporated into the orthorhombic hydrocarbon crystal
lattices during crystallization from the melt, the Sanchez-Eby inclusion model (describing the
polymers as copolymers of methylene units and functional group units as defects) was found
applicable to describe the observed linear relationship between the peak melting points and
the mole fraction of functional groups, following Tm (polyketones) > Tm (polyesters) >
Tm (polycarbonates).
While for ether functionalized polyoxyalkylenes also orthorhombic crystal structures and
melting points slightly above polyesters were observed, for polyacetals drastically lower Tm
and a change of the crystal structure for acetal contents between 20 and 30 acetals per 1000
methylene units was observed. The significantly more pronounced disturbing effect of acetal
groups in hydrocarbon polymer crystallization was related to the preferred gauche
conformation in acetals due to the anomeric effect.137 This conformation differs from the alltrans conformation of stretched hydrocarbon segments, resulting in a loss of the orthorhombic
structure for polyacetals with higher degrees of functionalization.

Figure 8.5. Peak melting points (yellow) and heats of fusion (white) of long-spaced aliphatic polyamides,
displaying the change from hydrogen bonding-dominated crystalline structures toward polyethylene-like
crystallinity based on van-der-Waals interactions. Dashed lines are merely a guide to the eye. Reprinted with
permission from reference 157. Copyright 2015 American Chemical Society.

While for the crystallization of long-chain polycondensates like polyesters and
polycarbonates van-der-Waals interactions are mainly responsible for the formation of
polymer crystal lattices, in polyamides the formation of a maximum of hydrogen bonds is the
driving force for chain arrangements. For long-spaced model polyamides, generated from
ADMET copolymerization of different ratios of an amide and a non-functionalized diene and
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post-polymerization hydrogenation (Chapter 7), first a reduction of the peak melting points is
observed with decreasing amide contents, following the trend of known short- to long-chain
polyamides (Figure 8.5). A melting point minimum (around 110 °C) is found for polyamides
containing ca. 35 amide groups per 1000 methylene units, going in hand with a change of the
crystal structure from hydrogen bonding to the van-der-Waals interactions-dominated,
orthorhombic, crystal structure. Melting points finally converge toward linear polyethylene.
The establishment of ADMET copolymerizations of functionalized diene monomers
together with a non-functionalized diene monomer made randomly functionalized carbonyl
and oxygen functionalized polymers similar to polyethylene available (after exhaustive
double bond hydrogenation). Investigations considering the thermal properties elucidate
relevant issues of melting point development for these kind of polymers, discussed from
theoretical considerations since the 1950s.68,149,150 Though studies to gain further information
on the detailed solid state morphologies of these functionalized polymers (as possible via
solid state NMR spectroscopy, SAXS measurements, detailed TEM analysis etc.) were not
part of this thesis, a general picture of the crystalline properties from DSC and WAXD
analysis of these model compounds with highly ‘diluted’ functional groups in the polymer
chains could be attained.
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9.

Experimental Section

9.1 Materials and General Considerations
Unless stated otherwise, synthetic procedures were carried out under aerobic conditions
using p.a. solvents. Manipulations of air and moisture sensitive compounds were carried out
under an inert gas atmosphere using standard glovebox and Schlenk techniques. Since most
olefin metathesis catalyst precursors and hydrogenation catalysts are quite air- and moisture
stable in the solid-state, weighing was generally performed in air.

9.1.1 Solvents and Reagents
Toluene, xylene, THF and heptane were dried with sodium, distilled and stored under an
inert gas atmosphere. Ethanol was refluxed over magnesium, DMF was dried with CaH2 and
triethylamide was dried over KOH, distilled and stored under an inert gas atmosphere,
respectively. DMSO (extra dry) was purchased from Acros.
Carbon monoxide (3.7) and hydrogen (5.0) were supplied by Air Liquide. Olefin
metathesis catalyst precursors were purchased from Sigma Aldrich.
Bis(trifluoromethanesulfonato){1,2-bis(di-tert-butylphosphinomethyl)benzene)}palladium
[(dtbpx)Pd(OTf)][OTf] was generated according to reported procedures.64 Olefin metathesis
catalyst precursors benzylidenbis(tricyclohexylphosphine)dichlororuthenium (Grubbs 1st
generation catalyst, G1), dichloro(o-isopropoxyphenylmethylene)(tricyclohexylphosphine)ruthenium

(Hoveyda-Grubbs

1st

generation

catalyst,

HG1)

and

1,3-bis-(2,4,6-

trimethylphenyl)-2-imidazolidinylidene)dichloro(o-isopropoxyphenylmethylene)ruthenium
(Hoveyda-Grubbs 2nd generation catalyst, HG2) were purchased from Sigma Aldrich
(cf. Figure

1.6).

Chlorotris(triphenylphosphine)rhodium

[RhCl(PPh3)3]

(Wilkinson’s

hydrogenation catalyst precursor) was supplied by Acros.
10-Undecenol was by from ACME Synthetic Chemicals (Mumbai, India). Ethyl erucate
(> 95%) was purchased from TCI Europe, while triphenylphosphine, potassium tert-butoxide
and thionylchloride were supplied by Acros. LiAlH4 and palladium on charcoal (10 wt.%)
was purchased from Merck. Tetrabromomethane, ethyl acetoacetate, sodium, ethyl vinyl
ether, triethylamide, tri-n-propylamine, para-toluenesulfonylhydrazide, 2-ethylhexanol, isooctane, erucic acid (90%), para-benzoquinone, tetra-n-butylammonium hydroxide solution
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(40 wt.% in water), Ti(OnBu)4, undec-10-enoic acid, dimethyl carbonate, diethoxymethane,
undec-10-enal, propane-1,3-dithiol, methanesulfonic acid, nBuLi, sodium azide and sodium
hydride were supplied by Sigma Aldrich. Cesium hydroxide was purchased from ABCR.
Deuterated solvents were supplied by Eurisotop.

9.1.2 Analytical Methods and Techniques
NMR spectra were recorded on a Varian Inova 400 (1H: 400 MHz,
Bruker Avance 400 (1H: 400 MHz,
spectrometer (1H: 600 MHz,

13

13

13

C: 101 MHz), a

C: 101 MHz) or a Bruker Avance DRX 600

C: 151 MHz). 1H and

13

C chemical shifts were referenced to

the solvent signals (1H NMR: CDCl3: 7.26 ppm, C2D2Cl4: 5.91 ppm, d8-THF: 3.57 and
1.72 ppm;

13

C NMR: CDCl3: 77.16 ppm, C2D2Cl4: 74.20 ppm). Multiplicities are given as

follows (or combinations thereof): s: singlet, d: doublet, t: triplet, q: quartet, qui: quintet, m:
multiplet, br: broad.
IR spectra were recorded on a Perkin-Elmer Spectrum 100 instrument with an ATR unit.
Elemental analyses were obtained by the Analytical Service at the Department of
Chemistry, University of Konstanz. Elemental analyses were performed on an Elementar
Vario MICRO cube instrument.
GPC measurements were carried out on a Polymer Laboratories PL-GPC 50 with two
PLgel 5 µm MIXED-C columns in THF at 40 °C against polystyrene standards with refractive
index detection. High temperature GPC measurements were carried out in 1,2,4trichlorobenzene at 160 °C at a flow rate of 1 mL min-1 on a Polymer Laboratories 220
instrument equipped with Olexis columns with differential refractive index, viscosity and
light scattering (15° and 90°) detectors. Data reported were determined directly against
polyethylene standards.
DSC measurements were performed on a Netzsch Phoenix 204 F1 instrument with a
temperature program from -50 to 160 °C (up to 180 °C for long-spaced polyamides) with
heating and cooling rates of 10 °C min-1 (if not stated otherwise) in closed 40 µL alumina
pans under a nitrogen atmosphere. All data reported were recorded in the second heating
cycle.
DLS measurements on diluted latex samples were performed on a Malvern Nano-ZS ZEN
3600 particle sizer (173° back scattering). The autocorrelation function was analyzed using
Malvern dispersion technology zetasizer software 6.2 to obtain volume and number weighted
particle size distributions.
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TEM analyses were performed on a Zeiss Libra 120 transmission electron microscope
operated at 120 kV acceleration voltage. Specimens for the cryo-TEM investigations were
prepared by dipping a small amount of the dispersion on a holey carbon film. A meniscus,
thin enough for use in TEM, forms over the holes and is rapidly frozen in liquid ethane to give
a vitrified sample. The sample was cryo-transferred into the electron microscope and
examined at a temperature around 90 K with minimum electron dose.

9.2 Synthesis and Preparative Procedures

9.2.1 Polyethylene Nanocrystals in Aqueous Systems

Monomer Synthesis

Synthesis of Diethyl tricosanedioate (1)

The isomerizing alkoxycarbonylation catalyst precursor [(dtbpx)Pd(OTf)][OTf] (204.5 mg,
0.256 mmol, 0.5 mol%) and ethyl erucate (35.19 g, 96.00 mmol) were dissolved in 100 mL of
dry ethanol in a Schlenk tube under an inert gas atmosphere and then cannula transferred into
a mechanically stirred pressure reactor. The reactor was pressurized with 20 bar of carbon
monoxide and then slowly heated to 90 °C over a period of 1 hour. Reaction was continued
for 3 days. The reactor was cooled to room temperature, vented and the reaction mixture was
dissolved in 200 mL of CH2Cl2 and filtered to remove catalyst residues. The filtrate was
evaporated under reduced pressure and the crude product was recystallized from ethanol.
Compound 1 was obtained as colorless crystals (26.10 g, 59.22 mmol, 62 %).
1

H NMR (CDCl3, 400 MHz, 25 °C):  (ppm) = 4.11 (q, 4H, OCH2CH3), 2.28 (t, 4H,

CH2CO), 1.61 (m, 4H, CH2CH2CO), 1.34-1.21 (m, 40H, CH2 and CH3).

13

C NMR (CDCl3,

101 MHz, 25 °C):  (ppm) = 174.1 (CO), 60.3 (OCH2CH3), 34.6 (CH2CO), 29.9, 29.8, 29.6,
29.4, 29.3 (all CH2), 25.2 (CH2CH2CO), 14.4 (OCH2CH3).
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Synthesis of Tricosane-1,23-diol (2)

LiAlH4 (3.10 g, 81.69 mmol) was suspended in 150 mL of dry THF in a 1000 mL threeneck flask equipped with a condenser and cooled to 0 °C under an inert gas atmosphere.
Compound 1 (13.70 g, 31.09 mmol) was dissolved in 250 mL of dry THF and added dropwise
to the LiAlH4 suspension over a period of 1 hour. After complete addition, the reaction
mixture was warmed to room temperature und refluxed for 2 hours. The grey suspension was
cooled to 0 °C and water was added dropwise until hydrogen evolution ceased. 50 mL of
additional water, 10 mL of a 15 wt.-% aq. NaOH solution and 300 mL of THF were added.
The colorless suspension was heated to reflux and filtered hot. A colorless solid crystallized
from the filtrate, which was isolated by filtration and dried in vacuum to yield compound 2 as
a colorless solid (10.80 g, 30.28 mmol, 97 %).
1

H NMR (C2D2Cl4, 400 MHz, 120 °C):  (ppm) = 3.58 (q, 3J = 6.0 Hz, 4H, CH2OH), 1.55

(qui, 3J = 6.9 Hz, 4H, CH2CH2OH), 1.38-1.25 (br, 38H, CH2), 1.00 (t, 3J = 5.4 Hz, 2H, OH).
C NMR (C2D2Cl4, 101 MHz, 120 °C):  (ppm) = 63.2 (CH2OH), 33.2, 29.8, 29.7, 29.6,

13

29.5, 26.0 (all CH2).

Synthesis of 1,23-Dibromotricosane (3)

Compound 2 (9.73 g, 27.28 mmol) was suspended in a solution of tetrabromomethane
(22.62 g, 68.20 mmol) in 250 mL of dichloromethane in a 500 mL round bottom flask
equipped with a condensor. The mixture was cooled to 0 °C and triphenylphosphine (19.32 g,
73.66 mmol) was added over a period of 15 minutes. After complete addition, the yellow
reaction mixture was warmed to room temperature and refluxed for 3 hours. The reaction
mixture was cooled to room temperature and 100 mL of methanol and 20 mL of water were
added. After stirring for 5 minutes, the solvents were evaporated until a colorless solid
(POPh3) precipitated. 350 mL of pentane and 100 mL methanol were added to dissolve the
solid. The pentane phase was separated und washed with methanol (3  100 mL). Pentane was
evaporated under reduced pressure and the crude product was purified by column
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chromatography using pentane as the eluent. Compound 3 was recovered as a colorless solid
(12.70 g, 26.33 mmol, 97 %).
1

H NMR (CDCl3, 400 MHz, 25 °C):  (ppm) = 3.40 (t, 3J = 6.9 Hz, 4H, CH2Br), 1.85 (qui,

3

J = 7.1 Hz, 4H, CH2CH2Br), 1.42 (m, 4H, CH2CH2CH2Br), 1.30-1.24 (m, 34H, all CH2). 13C

NMR (CDCl3, 101 MHz, 25 °C):  (ppm) = 34.2, 33.0, 29.8, 29.7, 29.6, 28.9, 28.3 (all CH2).

Synthesis of 23-Bromotricos-1-ene (4)

Compound 3 (15.40 g, 31.92 mmol) was dissolved in 60 mL of a 2/1 mixture of dry THF
and dry toluene in a 250 mL round bottom flask under an inert gas atmosphere. Potassium
tert-butoxide (5.37 g, 47.88 mmol) was added in portions over a period of 1 hour at room
temperature. The reaction mixture turned cloudy and was stirred at room temperature
overnight. After addition of 50 mL of water, 50 mL of 1 M aqueous HCl solution and 200 mL
of diethyl ether the organic layer was separated and washed with 50 mL of conc. aq. NaHCO3
solution and 50 mL of water, followed by drying with MgSO4. The solvents were evaporated
and the crude product was purified by column chromatography using pentane as the eluent to
yield compound 4 as a colorless solid (5.87 g, 14.62 mmol, 46 %).
1

H NMR (CDCl3, 400 MHz, 25 °C):  (ppm) = 5.81 (m, 1H, vinyl-CH), 4.94 (m, 2H,

vinyl-CH2), 3.41 (t, 3J = 6.9 Hz, 2H, CH2Br), 2.03 (m, 2H, CH2-CH=CH2), 1.85 (qui,
3

J = 6.9 Hz, 2H, CH2CH2Br), 1.47-1.21 (br, 34H, CH2). 13C NMR (CDCl3, 101 MHz, 25 °C) :

 (ppm) = 139.4 (CH2=CH), 114.2 (CH2=CH), 34.2, 34.0, 33.0, 29.9, 29.8, 29.7, 29.6, 29.3,
29.1, 28.9, 28.4 (all CH2).

Synthesis of Ethyl 2-acetyl-2-(tricos-22-en-1-yl)pentacos-24-enoate (5)

1.0 mL of ethyl acetoacetate (1.03 g, 7.88 mmol) was dissolved in 40 mL of dry DMF in a
100 mL three necked round bottom flask equipped with a condenser under an inert gas
atmosphere. Potassium tert-butoxide (0.88 g, 7.88 mmol) was slowly added and the mixture
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was stirred at room temperature for 1 hour. After addition of one equivalent of the bromide 4
(3.16 g, 7.88 mmol), the reaction mixture was heated to 95 °C for 5 hours and then cooled to
room temperature. For the second alkylation step, another portion of potassium tert-butoxide
(0.88 g, 7.88 mmol) was added. The mixture was stirred for 1 hour and one equivalent of the
bromide 4 (3.16 g, 7.88 mmol) was added. The mixture was refluxed for 24 hours. After
cooling to room temperature, the reaction was quenched by the addition of 50 mL of water,
20 mL of 1 M aqueous HCl and 100 mL of CH2Cl2. The layers were separated and the
aqueous phase was extracted with CH2Cl2 (3  50 mL). The combined organic phases were
dried with MgSO4 and evaporated under reduced pressure. The crude product was purified by
column chromatography using pentane/CH2Cl2 = 1/1 as the eluent to yield compound 5 as a
colorless solid. (2.95 g, 3.82 mmol, 48 %).
1

H NMR (CDCl3, 400 MHz, 25 °C):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.95 (m, 4H,

vinyl-CH2), 4.18 (q, 3J = 7.0 Hz, 2H, OCH2CH3), 2.10 (s, 3H, CH3CO), 2.03 (q, 3J = 6.9 Hz,
4H, CH2-CH=CH2), 1.82 (m, 4H, CH2-C-CH2), 1.43-1.21 (br, 79H, CH2 and OCH2CH3).
C NMR (CDCl3, 101 MHz, 25 °C) :  (ppm) = 205.8 (CH3CO), 172.9 (COOEt), 139.4

13

(CH2=CH), 114.2 (CH2=CH), 63.7 (quart. C), 61.2 (OCH2CH3), 34.0, 31.3, 30.1, 29.9, 29.8,
29.7, 29.5, 29.3, 29.1, 28.7, 26.8, 26.0, 23.9 (all CH2), 14.3 (OCH2CH3).

Synthesis of Ethyl 2-(tricos-22-en-1-yl)pentacos-24-enoate (6)

Compound 5 (2.95 g, 3.82 mmol) was suspended in 100 mL of dry ethanol under an inert
gas atmosphere in a 250 mL three necked round bottom flask equipped with a condenser and
7.64 mL of a freshly prepared 1 M sodium ethanolate solution (0.52 g, 7.64 mmol) in ethanol
was added. The mixture was refluxed for 24 hours, then cooled to room temperature and
quenched by the addition of 20 mL of water, 20 mL of 1 M aqueous HCl solution and 150 mL
of CH2Cl2. The layers were separated and the aqueous phase was extracted with CH2Cl2
(2  50 mL). The combined organic phases were dried over MgSO4 and evaporated under
reduced pressure. Compound 6 was obtained as a light yellow solid which was used in the
following reaction step without further purification. (2.64 g, 3.62 mmol, 95 %).
1

H NMR (CDCl3, 400 MHz, 25 °C):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.95 (m, 4H,

vinyl-CH2), 4.13 (q, 3J = 7.0 Hz, 2H, CH2CH3), 2.30 (m, 1H, CH), 2.04 (q, 3J = 6.9 Hz, 4H,
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CH2-CH=CH2), 1.57 (m, 4H, CH2-C-CH2), 1.45-1.21 (br, 79H, CH2 and CH3).

13

C NMR

(CDCl3, 101 MHz, 25 °C):  (ppm) = 176.8 (CO), 139.4 (CH2=CH), 114.2 (CH2=CH), 60.0
(CH2CH3) , 45.9 (CH), 34.0, 32.7, 29.9, 29.8, 29.7, 29.3, 29.1 (all CH2), 14.5 (CH3).

Synthesis of 2-(Tricos-22-en-1-yl)pentacos-24-enoic acid (7)

Compound 6 (3.00 g, 4.11 mmol) was suspended in 50 mL of ethanol in a 250 mL three
necked round bottom flask equipped with a condenser and potassium hydroxide (6.60 g,
118 mmol) was added. The reaction mixture was refluxed for 24 hours and then cooled to
room temperature. 100 mL of water was added and the mixture was acidified by the dropwise
addition of concentrated aqueous HCl solution (37 wt.%). The precipitate was dissolved by
addition of 500 mL of Et2O. The layers were separated and the aqueous phase was extracted
with Et2O (2  100 mL). The combined organic phases were dried over MgSO4 and
evaporated under reduced pressure to yield compound 7 as a colorless solid, which was used
in the following reaction step without further purification (2.80 g, 3.99 mmol, 97 %).
1

H NMR (CDCl3, 400 MHz, 25 °C):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.95 (m, 4H,

vinyl-CH2), 2.35 (m, 1H, CH), 2.04 (m, 4H, CH2-CH=CH2), 1.61 (m, 2H, CH2CH), 1.48 (m,
2H, CHCH2), 1.42-1.21 (br, 76H, CH2).

C NMR (CDCl3, 101 MHz, 25 °C):  (ppm) =

13

180.5 (COOH), 139.4 (CH2=CH), 114.2 (CH2=CH), 45.4 (CH), 34.0, 32.4, 29.9, 29.8, 29.7,
29.6, 29.3, 29.1, 27.5 (all CH2).

Synthesis of 1-Ethoxyethyl 2-(tricos-22-en-1-yl)pentacos-24-enoate (8)

300 mL of dry CH2Cl2 was cooled to 0 °C in a 500 mL round bottom flask and 2 mL of
ethyl vinyl ether (1.50 g, 20.80 mmol) and 2 drops of phosphoric acid were added. Over a
period of 7 hours, 1.04 g (1.48 mmol) of compound 7 (1.04 g, 1.48 mmol) was added in
portions. After all solid was dissolved, the reaction mixture was stirred at 0 °C for 30 minutes
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and then at room temperature overnight. 50 mL of saturated aqueous NaHCO3 solution was
added and the layers were separated. The aqueous phase was extracted with CH2Cl2
(2  30 mL) and the combined organic layers were dried over MgSO4 and evaporated under
reduced pressure. The crude product was purified by column chromatography using CH2Cl2
with 1 % of Et3N as the eluent to yield compound 8 as a colorless solid. (0.67 g, 0.87 mmol,
59 %).
1

H NMR (CDCl3, 400 MHz, 25 °C):  (ppm) = 5.94 (q, J = 5.2 Hz, 1H, CHCH3), 5.81 (m,

2H, vinyl-CH), 4.95 (m, 4H, vinyl-CH2), 3.70 (m, 1H, OCHHCH3), 3.53 (m, 1H,
OCHHCH3), 2.33 (m, 1H, CH), 2.04 (m, 4H, CH2-CH=CH2), 1.65-1.20 (br, 80H, CH2), 1.40
(d, 3J = 5.2 Hz, 3H, CH3CH), 1.21 (t, 3J = 7.1 Hz, 3H, CH3CHHO).

13

C NMR (CDCl3, 101

MHz, 25 °C):  (ppm) = 176.5 (CO), 139.4 (CH2=CH), 114.2 (CH2=CH), 96.1 (CHCH3),
64.7 (CH2CH3), 46.3 (CH), 34.0, 32.5, 29.9, 29.8, 29.7, 29.3, 29.1, 27.7, 27.6 (all CH2), 21.1
(CHCH3), 15.2 (CH2CH3).

Polymer Synthesis

Synthesis of Poly-[1-ethoxyethyl 2-(tricos-22-en-1-yl)pentacos-24-enoate] (poly-8)

The ADMET polymerization of compound 8 was carried out in a 100 mL mechanically
stirred Schlenk tube equipped with a vacuum adapter. The monomer (620 mg, 0.817 mmol)
was molten in the Schlenk tube at 65 °C and G1 (14 mg, 0.016 mmol) in 0.5 ml of dry toluene
was added under stirring. Polymerization was performed at 65 °C and a pressure of 0.1 mbar
for 2 days to obtain poly-8 as a brownish solid in quantitative yield.
1

H NMR (CDCl3, 400 MHz, 25 °C):  (ppm) = 5.94 (q, 1H, CHCH3), 5.38 trans and 5.35

cis (m, 2H, CH=CH), 3.70 (m, 1H, OCHHCH3), 3.53 (m, 1H, OCHHCH3), 2.33 (m, 1H,
CH), 2.04 (m, 4H, CH2-CH=CH2), 1.65-1.20 (br, 80H, CH2), 1.40 (d, 3H, CH3CH), 1.21 (t,
3H, CH3CHHO).

C NMR (CDCl3, 101 MHz, 25 °C):  (ppm) = 176.4 (CO), 130.5 (trans

13

CH=CH), 130.0 (cis CH=CH), 96.1 (CHCH3), 64.7 (CH2CH3), 46.3 (CH), 32.8, 32.7, 30.0,
29.9, 29.8, 29.7, 29.4, 27.7, 27.6 (all CH2), 21.1 (CHCH3), 15.2 (CH2CH3).
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Synthesis of the Saturated Polymer C45-COOH

The unsaturated polymer poly-8 (168 mg) was dissolved in 30 mL of dry ortho-xylene in a
250 mL three-necked round bottom flask equipped with a condenser and para-toluenesulfonyl
hydrazide (3.72 g, 20.00 mmol) and tripropylamine (2.87 g, 20.00 mmol) were added. The
reaction mixture was refluxed for 20 hours (Caution: gas evolution), cooled to room
temperature and another portion of para-toluenesulfonyl hydrazide (2.00 g, 10.75 mmol) and
tripropylamine (1.54 g, 10.75 mmol) were added. The yellow reaction mixture was refluxed
for another 20 hours, then cooled to room temperature und poured into 200 mL of methanol.
A colorless solid precipitated overnight in the refrigerator (5 °C). After filtration, the residue
was suspended in a mixture of 25 mL of diethyl ether and 3 mL of 1 M aqueous HCl solution
and stirred for 20 hours at room temperature. Polymer C45-COOH was recovered by
filtration as a colorless solid (108 mg, 71 %).
1

H NMR (C2D2Cl4, 600 MHz, 120 °C):  (ppm) = 2.34 (m, 1H, CH), 1.62 (m, 2H,

CH2CH), 1.46 (m, 2H, CHCH2), 1.39-1.21 (br, 84H, CH2).

Preparation of Polymer Nanocrystals by Nanoprecipitation
A total of 3.0 mg of C45-COOH (or C21-COOH) was dissolved in 1.0 mL of hot THF
and added to 3.0 mL of a 0.01 M aqueous CsOH solution via a Pasteur pipet under
ultrasonication for 10 min using a HD 3200 Sonoplus ultrasonotrode with a KE76 tip in a
glass vial. The mixture was cooled to room temperature and filtered through a syringe filter
(to remove coagulate) to afford a clear, colorless dispersion. The dispersion was annealed for
5 hours at 90 °C for C45-COOH (50 °C for C21-COOH) and then slowly cooled to room
temperature over a period of 1 hour. The dispersion was dialyzed against water for 30 minutes
to remove the excess of CsOH and THF.
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9.2.2 Polyethylene Nanocrystals in Non-Aqueous Systems

Monomer Synthesis

Synthesis of 2-Ethylhexyl 2-(tricos-22-en-1-yl)pentacos-24-enoate (10)

Compound 7 (1.97 g, 2.81 mmol) was suspended in 10 mL of dry toluene under an inert
gas atmosphere in a 100 mL Schlenk tube and 1.02 mL of thionyl chloride (1.67 g,
14.05 mmol) was added. The reaction mixture was heated to 100 °C for 2 hours and then
cooled to room temperature to yield a reddish solution. The solvent and excessive thionyl
chloride were distilled off in vacuum to yield the acid chloride as an orange colored solid.
15 mL of dry THF and 1.76 mL of 2-ethylhexan-1-ol (1.46 g, 11.21 mmol) were added and
the reaction mixture was refluxed over night. The solution was cooled to room temperature
and 20 mL of saturated aq. NaHCO3 solution, 50 mL of water and 100 mL of CH2Cl2 were
added. The organic phase was separated, washed with water (3  50 mL) and dried with
MgSO4. The solvents were evaporated in vacuum and the crude product was purified by
column chromatography (petrol ether/CH2Cl2 = 2/1) to yield compound 10 as a colorless solid
(1.43 g, 1.76 mmol, 63%).
1

H NMR (CDCl3, 400 MHz, 25 °C):  (ppm) = 5.81 (m, 2H, CH=CH2), 4.96 (m, 4H,

CH=CH2), 3.98 (d, 3J = 5.7 Hz, 2H, COOCH2), 2.32 (m, 1H, CHCOOCH2), 2.04 (m, 4H,
CH2CH=CH2), 1.58 (m, 2H, CH2CH(COOR)CH2), 1.41 (m, 2H, CH2CH(COOR)CH2), 1.381.22 (br, 77H, CH2 and COOCH2CHR2), 0.89 (m, 6H, CH3). 13C NMR (CDCl3, 101 MHz, 25
°C):  (ppm) = 177.0 (COOR), 139.4 (CH=CH2), 114.2 (CH=CH2), 66.4 (COOCH2), 46.2
(CHCOOR), 39.0, 34.0, 32.8, 30.7, 29.9, 29.8, 29.7, 29.3, 29.1, 27.7, 24.0, 23.2 (all CH2),
14.2, 11.2 (both CH3).
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Polymer Synthesis

Synthesis of Poly-[2-ethylhexyl 2-(tricos-22-en-1-yl)pentacos-24-enoate] (poly-10)

For ADMET polymerization, monomer 10 (215 mg, 264 µmol) was placed in a 25 mL
Schlenk tube equipped with a stirr bar and a vacuum adapter. The compound was molten at
65 °C in an inert gas atmosphere and G1 (4.0 mg, 4.9 µmol) was added under stirring.
Polymerization was performed at 65 °C and a pressure of 0.1 mbar over two days. The
Schlenk tube was cooled to room temperature, vented and 5 mL of chloroform and 1 mL of
ethyl vinyl ether were added. The mixture was stirred at room temperature for 20 minutes and
the polymer dissolved. The solution was poured into 150 mL of cold methanol. A colorless
solid precipitated, which was isolated by filtration to obtain poly-10 in virtually quantitative
yield.
1

H NMR (CDCl3, 400 MHz, 25 °C):  (ppm) = 5.35 (m, 2H, CH=CH), 3.98 (d, 3J = 5.6

Hz, 2H, COOCH2), 2.32 (m, 1H, CHCOOCH2), 2.00 (m, 4H, CH2CH=CH2), 1.58 (m, 2H,
CH2CH(COOR)CH2), 1.41 (m, 2H, CH2CH(COOR)CH2), 1.38-1.22 (br, 77H, CH2 and
COOCH2CHR2), 0.89 (m, 6H, CH3). 13C NMR (CDCl3, 101 MHz, 25 °C):  (ppm) = 177.0
(COOR), 130.4 (trans CH=CH), 130.0 (cis CH=CH), 66.4 (COOCH2), 46.2 (CHCOOR),
39.0, 34.0, 32.8, 30.7, 29.9, 29.8, 29.7, 29.3, 29.2, 27.6, 24.0, 23.2 (all CH2), 14.2, 11.2 (both
CH3).

Preparation of [(PCy3)2Cl2Ru=CHOEt] as a Hydrogenation Catalyst Precursor

1.0 mL of ethyl vinyl ether (0.75 g, 10.4 mmol) was added to G1 (124 mg, 0.15 mmol) in a
Schlenk tube under an inert gas atmosphere, and the mixture was stirred at room temperature
for an hour. Excessive ethyl vinyl ether was evaporated under reduced pressure and the
residue was dried in vacuum for 4 hours. Again, 1.0 mL of ethyl vinyl ether (0.75 g,
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10.4 mmol) was added and the mixture was stirred for an hour at room temperature. The
solvent was evaporated and the residue was dried in vacuum. The catalyst precursor was
obtained as an orange solid in quantitative yield and used for the hydrogenations without
further purification. Full conversion to the Fischer carbene was monitored by 1H NMR
spectroscopy (CDCl3, 25 °C, 400 MHz), illustrated by the shift of the alkylidene proton
singlet (Ru=CHR) from 19.99 ppm (R = Ph) to 14.56 ppm (Fischer carbene, R = OEt) and the
complete absence of aromatic proton signals.

Synthesis of the Saturated Polymer C45-COOEtHex

The unsaturated polymer poly-10 (160 mg) was dissolved in 4 mL of toluene and 2 mg of
[(PCy3)3Cl2Ru=CHOEt] was added. The mixture was transferred into a high pressure reactor
and hydrogenated with 40 bar of hydrogen at 80 °C for 24 hours. The reactor was cooled to
room temperature, vented and the mixture was dissolved in 20 mL of hot toluene. The
solution was poured into 200 mL of cold methanol and the polymer precipitated as a colorless
solid. The solid was isolated by filtration and dried in vacuum to yield saturated C45COOEtHex quantitatively.
1

(m,

H NMR (CDCl3, 400 MHz, 50 °C):  (ppm) = 3.99 (d, 3J = 5.6 Hz, 2H, COOCH2), 2.32
1H,

CHCOOCH2),

1.58

(m,

2H,

CH2CH(COOR)CH2),

CH2CH(COOR)CH2), 1.40-1.19 (br, 93H, CH2), 0.91 (m, 6H, CH3).

13

1.42

(m,

2H,

C NMR (CDCl3, 101

MHz, 50 °C):  (ppm) = 177.1 (COOR), 66.4 (COOCH2), 46.2 (CHCOOR), 39.0, 34.0, 32.8,
30.7, 30.0, 29.9, 29.8, 29.7, 29.3, 29.2, 27.5, 24.1, 23.2 (all CH2), 14.2, 11.2 (both CH3).

Preparation of Polymer Nanoparticles in THF as the Dispersion Medium
3.0 mg of C45-COOEtHex was dissolved in 1.0 mL of THF at 50 °C and then added to
3.0 mL of THF via a Pasteur pipet in a glas vial under ultrasonication for 2 min using a HD
3200 Sonoplus ultrasonotrode with a KE76 tip. During ultrasonication the vial was cooled in
an ice/water bath to keep the temperature as close to room temperature as possible. The
dispersion was further diluted by addition of 1.0 mL of the turbid dispersion to additional
128

9. Experimental Section
3.0 mL of THF under ultrasonication for 2 minutes and cooling with ice/water. Subsequent
dilution yielded a clear dispersion with a solids content of ca. 1 µg mL-1.

9.2.3 Ultralong-Chain Polyesters

Monomer Synthesis

Synthesis of 1,44-dibromotetratetracont-22-ene (11)

23-Bromotricos-1-ene 4 (4.82 g, 12.00 mmol) was molten at 75 °C in a 100 mL Schlenk
tube equipped with a stirr bar under an inert gas atmosphere and degassed for 30 minutes. G1
(5.0 mg, 6.1 µmol) was added and the mixture was stirred at 75 °C under reduced pressure of
1 mbar (dynamic vacuum). Gas evolution occurred and within the first minutes of reaction a
colorless solid precipitated. The reaction was continued overnight to yield a colorless solid.
The solid was dissolved in 40 mL of toluene at 60 °C and the mixture was stirred for
10 minutes after addition of 4 mL of ethyl vinyl ether. The solution was slowly cooled to
room temperature and stored at 5 °C over night. Crystals were obtained, which were isolated
by filtration to yield compound 11 as a colorless solid (3.78 g, 4.88 mmol, 81%).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.35 (m, 2H, CH=CH), 3.41 (t, 3J = 6.9 Hz,

4H, CH2Br), 2.01 (m, 4H, CH2CH=CH2CH2), 1.85 (qui, 3J = 7.1 Hz, 4H, CH2CH2Br), 1.42
(m, 4H, CH2CH2CH2Br), 1.37-1.24 (br, 68H, CH2).

13

C NMR (CDCl3, 25 °C, 101 MHz): 

(ppm) = 130.1 (CH=CH), 34.2, 33.0, 29.9, 29.8, 29.7, 29.6, 29.5, 28.9, 28.4, 27.4 (all CH2).
Elemental analysis calculated for C44H86Br2: 68.19 C, 11.19 H; found: 67.99 C, 11.01 H.

Synthesis of 1,44-dibromotetratetracontane (12)

Compound 11 (3.12 g, 4.03 mmol) was dissolved in 100 mL of THF at 60 °C and 100 mg
of palladium catalyst (10 wt.% on charcoal) was added. The mixture was transferred into a
high pressure steel reactor and pressurized with 50 bar of hydrogen at 70 °C for 3 days. The
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reactor was cooled to room temperature, vented and the crystallized solid was suspended in
200 mL of THF. The mixture was heated to 60 °C and filtered hot through 1 cm of celite. A
colorless solid crystallized from the filtrated, which was cooled to room temperature and
stored at 5 °C over night. The crystals were isolated by filtration to yield compound 12 as a
colorless solid (2.61 g, 3.36 mmol, 83%).
1

H NMR (CDCl3, 50 °C, 600 MHz):  (ppm) = 3.40 (t, 3J = 6.8 Hz, 4H, CH2Br), 1.86 (qui,

3

J = 7.1 Hz, 4H, CH2CH2Br), 1.44 (m, 4H, CH2CH2CH2Br), 1.37-1.24 (br, 76H, CH2).
C NMR (CDCl3, 50 °C, 151 MHz):  (ppm) = 33.9, 33.1, 29.9, 29.8, 29.7, 29.6, 29.0, 28.4

13

(all CH2).

Synthesis of Tricosanedioic acid (13)

Compound 1 (5.03 g, 11.41 mmol) was suspended in 200 mL of ethanol in a 500 mL round
bottom flask equipped with a condensor. After addition of potassium hydroxide (9.27 g,
165.36 mmol) the mixture was refluxed for 30 minutes. The mixture was cooled to room
temperature und poured into 300 mL of water. Precipitated solid was dissolved by stirring for
several minutes at room temperature. The yellowish solution was acidified by dropwise
addition of conc. HCl solution (37 wt.%). A bright yellowish solid precipitated, which was
filtrated off and washed with water (2  50 mL). The residue was dried in vacuo to yield
compound 13 as a bright yellowish solid, which was used in the following reaction step
without further purification (3.46 g, 9.00 mmol, 79 %).
1

H NMR (d8-THF, 25 °C, 400 MHz):  (ppm) = 10.51 (br, 2H, COOH), 2.20 (t, 3J = 7.4

Hz, 4H, CH2COOH), 1.56 (m, 4H, CH2CH2COOH), 1.29 (br, 34H, CH2). Elemental analysis
calculated for C23H44O4: 71.83 C, 11.53 H; found: 71.87 C, 11.56 H.

Synthesis of Hexacos-13-enedioic acid (39)

In a 200 mL Schlenk tube, erucic acid (12.18 g, 35.97 mmol) was molten at 45 °C and then
degassed for 1 hour. After addition of para-benzoquinone (39 mg, 0.36 mmol) and 50 mL of
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dry heptane, HG2 (114 mg, 0.18 mmol) was added. After 10 minutes, the reaction mixture
became turbid and a grayish solid precipitated. The reaction was kept at 45 °C for 24 hours
and then 2 mL of ethyl vinyl ether and 100 mL of petrol ether were added and stirred for
30 minutes. The mixture was suspended in additional 300 mL of petrol ether and then filtered
over a Büchner funnel. The residue was crystallized twice from acetone to yield compound 39
as a grayish solid (4.55 g, 10.71 mmol, 60 %)
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.38 (m, 2H, CH=CH), 4.07 (t, 3J = 7.4 Hz,

4H, CH2COOH), 1.96 (m, 4H, CH2CH=CHCH2), 1.63 (qui,

3

J = 7.2 Hz, 4H,

CH2CH2COOH), 1.35-1.24 (br, 32H, CH2). 13C NMR (CDCl3, 25 °C, 101 MHz):  (ppm) =
180.1 (COOH), 130.5 (CH=CH), 34.2, 32.7, 29.9, 29.8, 29.7, 29.6, 29.5, 29.3, 29.2, 29.1,
24.8 (all CH2).

Synthesis of Hexacosanedioic acid (20)

The unsaturated diacid 39 (1.00 g, 2.35 mmol) was dissolved in 8 mL of THF and 86 mg
of palladium hydrogenation catalyst (10 wt.% on charcoal) was added. The mixture was
transferred into a high pressure reactor and reacted with 45 bar of hydrogen at 70 °C for
3 days. The reactor was cooled to room temperature, vented and the reaction mixture was
suspended in 50 mL of hot THF. The suspension was filtered through a plug of celite to
remove charcoal residues. The solvent was evaporated under reduced pressure to yield
compound 20 as a yellowish solid, which was used in the next reaction step without further
purification (930 mg, 2.18 mmol, 93%).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 2.35 (t, 3J = 7.3 Hz, 4H, CH2COOH), 1.64

(qui, 3J = 7.2 Hz, 4H, CH2CH2COOH), 1.35-1.24 (br, 40H, CH2). 13C NMR (CDCl3, 25 °C,
101 MHz):  (ppm) = 179.9 (COOH), 34.1, 29.9, 29.6, 29.5, 29.3, 29.0, 24.8 (all CH2).
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Synthesis of 11-Bromo-1-undecene (16)

10-Undecenol 15 (71.01 g, 417.0 mmol) was dissolved in 350 mL of CH2Cl2 in a 1000 mL
three-necked round bottom flask equipped with a condenser. After addition of
tetrabromomethane (145.94 g, 440.0 mmol), the reaction mixture was cooled to 0 °C and
triphenylphosphine (115.41 g, 440.0 mmol) was added over a period of 30 minutes. The
mixture was warmed to room temperature and refluxed overnight. The reaction mixture was
cooled to room temperature and 300 mL of pentane was added. Triphenylphosphine oxide
precipitated as a colorless solid. The suspension was filtered and the residue was washed with
pentane (3  100 mL). The filtrate was evaporated under reduced pressure to yield a yellow
oil. Compound 16 was obtained as colorless oil by distillation under reduced pressure
(bp = 105 °C at 9 mbar, 85.04 g, 365 mmol, 88 %).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 1H, vinyl-CH), 4.96 (m, 2H,

vinyl-CH2), 3.41 (t, 3J = 6.9 Hz, 2H, CH2Br), 2.02 (q, 3J = 6.8 Hz, 2H, CH2CH=CH2), 1.85
(qui, 3J = 7.0 Hz, 2H, CH2CH2Br), 1.47-1.26 (m, 10H, CH2). 13C NMR (CDCl3, 25 °C, 101
MHz):  (ppm) = 139.3 (CH2=CH), 114.3 (CH2=CH), 34.1, 33.9, 33.0, 29.5, 29.2, 29.0, 28.9,
28.3 (all CH2).

Synthesis of 1,20-Dibromo-eicos-10-ene (17)

Compound 16 (2.17 g, 9.31 mmol) was degassed in a 50 mL Schlenk tube equipped with a
stirr bar for 1 hour and G1 (10.0 mg, 0.012 mmol) was added. The mixture was stirred at
65 °C under reduced pressure (1 mbar) for 24 hours and then cooled to room temperature. The
reaction was quenched by the addition of 2 mL of ethyl vinyl ether and stirred for 5 minutes at
room temperature. Then the mixture was poured into 150 mL of methanol and stored in the
refrigerator (5 °C) overnight. Crystals were obtained, which were isolated by filtration to
yield compound 17 as a colorless solid (1.67 g, 3.81 mmol, 82 %).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.38 trans and 5.35 cis (m, 2H, CH=CH),

3.41 (t, 3J = 6.9 Hz, 4H, CH2Br), 2.00 (m, 4H, CH2CH=CH2CH2), 1.85 (qui, 3J = 7.0 Hz, 4H,
CH2CH2Br), 1.42 (m, 4H, CH2CH2CH2Br), 1.37-1.24 (br, 20H, CH2). 13C NMR (CDCl3, 25
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°C, 101 MHz):  (ppm) = 130.5 (trans CH=CH), 130.0 (cis CH=CH), 34.2, 33.0, 32.7, 29.9,
29.8, 29.5, 29.4, 29.2, 28.9, 28.3, 27.3 (all CH2). Elemental analysis calculated for C20H38Br2:
54.80 C, 8.74 H; found: 55.06 C, 8.75 H.

Synthesis of 1,20-Dibromoeicosane (18)

Compound 17 (9.16 g, 20.89 mmol) was dissolved in 10 mL of toluene and 110 mg of
palladium catalyst (10 wt.% on charcoal) was added. The mixture was placed in a high
pressure reactor and pressurized with 40 bar of hydrogen at 65 °C for 2 days. The reactor was
cooled to room temperature, vented and the reaction mixture was dissolved in 50 mL of
CH2Cl2 and insoluble palladium and charcoal was filtered off. The filtrate was evaporated
under reduced pressure to obtain compound 18 as an almost colorless solid (7.40 g,
16.81 mmol, 80 %).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 3.41 (t, 3J = 6.9 Hz, 4H, CH2Br), 1.85 (qui,

3

J = 7.0 Hz, 4H, CH2CH2Br), 1.42 (m, 4H, CH2CH2CH2Br), 1.37-1.24 (br, 28H, CH2).
C NMR (CDCl3, 25 °C, 101 MHz):  (ppm) = 34.2, 33.0, 29.8, 29.7, 29.6, 28.9, 28.3 (all

13

CH2). Elemental analysis calculated for C20H40Br2: 54.55 C, 9.16 H; found: 55.37 C, 8.98 H.

Synthesis of 20-Bromo-eicos-1-ene (19)

In a 250 ml round bottom flask, compound 18 (7.40 g, 16.81 mmol) was dissolved in
30 mL of a dry 2:1 THF/toluene mixture under an inert gas atmosphere. Potassium tertbutoxide (2.83 g, 25.21 mmol) was added in small portions over a period of 1 hour. The
cloudy, yellowish reaction mixture was stirred at room temperature overnight and then 30 mL
of 1 M aqueous HCl solution, 50 mL of water and 150 mL of diethylether were added. After
phase separation, the aqueous layer was extracted with diethylether (3  50 mL). The
combined organic phases were dried with MgSO4 and the solvents were evaporated under
reduced pressure to yield a brownish solid. After column chromatography using pentane as
the eluent, 19 could be obtained as a colorless solid (1.96 g, 5.45 mmol, 32 %).
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1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 1H, vinyl-CH), 4.95 (m, 2H,

vinyl-CH2), 3.41 (t, 3J = 6.9 Hz, 2H, CH2Br), 2.04 (q, 3J = 6.8 Hz, 2H, CH2-CH=CH2), 1.85
(qui, 3J = 6.9 Hz, 2H, CH2CH2Br), 1.47-1.21 (br, 30H, CH2).

13

C NMR (CDCl3, 25 °C, 101

MHz):  (ppm) = 139.4 (CH2=CH), 114.2 (CH2=CH), 34.3, 34.0, 33.0, 29.8, 29.7, 29.6, 29.3,
29.1, 28.9, 28.3 (all CH2). Elemental analysis calculated for C20H39Br: 66.83 C, 10.94 H;
found: 66.88 C, 11.44 H.

Synthesis of Ultralong-Chain ,ω-Diene Monomers 21, 22, 23, 24, 25 and 26

General synthetic procedure: Ca. 500 mg of the corresponding diacid compound (C23diacid 13 or C26-diacid 20) was suspended in 3 mL of water in a 100 mL round bottom flask.
2 equivalents of tetra-butyl ammonium hydroxide (40 wt.% solution in water) were added
dropwise under stirring until the solid was completely dissolved. The solvent was evaporated
and the residue was dried in vacuum to obtain the diammonium carboxylate as a sticky syrup.
The compound was dissolved in 20 mL of chloroform and 2 equivalents of the appropriate
bromide compound (16, 19 or 4) were added. The reaction mixture was refluxed overnight
and then cooled to room temperature.
For 22, 23, 25 and 26 colorless solids precipitated from the reaction mixtures, which were
isolated by filtration and washed with cold chloroform (4 × 10 mL) to obtain the pure
products as colorless solids. For 21 and 24 no product precipitation occurred. The chloroform
solutions were washed with water (8 × 10 mL), dried with MgSO4 and the solvents were
evaporated. The obtained solids were recrystallized from hexane to yield the pure products
(yields: 40-80%).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.95 (m, 4H,

vinyl-CH2), 4.05 (t, 3J = 6.7 Hz, 4H, COOCH2), 2.29 (t, 3J = 7.5 Hz, 4H, CH2COO), 2.04 (m,
4H, CH2-CH=CH2), 1.61 (m, 8H, CH2CH2COOCH2CH2),1.38-1.24 (br, 58H for 21, 94H for
22, 106H for 23, 64H for 24, 100H for 25, 112H for 26, CH2). 13C NMR (CDCl3, 25 °C, 101
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MHz):  (ppm) = 174.2 (CO), 139.4 (CH2=CH), 114.3 (CH2=CH), 64.5 (COOCH2), 34.6,
34.0, 29.9, 29.8, 29.6, 29.5, 29.4, 29.3, 29.1, 28.8, 26.1, 25.2 (all CH2).
Elemental analysis, calculated for 21 (C45H84O4): 78.43 C, 12.29 H; found: 78.39 C, 12.18
H; calculated for 22 (C63H120O4): 80.36 C, 12.85 H; found: 79.51 C, 13.34 H; calculated for
23 (C69H132O4): 80.79 C, 12.97 H; found: 80.46 C, 12.93 H; calculated for 24 (C48H90O4):
78.84 C, 12.41 H; found: 78.08 C, 12.27 H; calculated for 25 (C66H126O4): 80.58 C, 12.91 H;
found: 80.25 C, 12.48 H; calculated for 26 (C72H138O4): 80.98 C, 13.03 H; found: 80.60 C,
12.44 H.

Polymerization and Hydrogenation

Unsaturated Ultralong-Chain Polyesters

General polymerization procedure: The diene monomer (ca. 100 mg) was dissolved in
0.5 mL of dry ortho-xylene at 65 °C in a Schlenk tube under an inert gas atmosphere. G1
(2 mol%) was added and the reaction mixture was stirred at 65 °C and a pressure of 100 mbar,
while gas evolution occurred. The pressure was reduced to 1 mbar over a period of 5 hours.
The mixture was stirred overnight and then cooled to room temperature. After addition of
0.5 mL of ethyl vinyl ether and 5 mL of chloroform, the mixture was stirred at room
temperature for 10 minutes. The solid was dissolved and the solution was poured into 150 mL
of methanol. A colorless solid precipitated, which was isolated by filtration and dried in
vacuum. For full conversion, the solid was again dissolved in 0.5 mL of dry ortho-xylene at
65 °C in a Schlenk tube under an inert gas atmosphere. G1 (2 mol%) was added and the
reaction mixture was stirred at 65 °C and a pressure of 100 mbar. Pressure was reduced to
1 mbar over a period of 5 hours. The mixture was stirred overnight and then cooled to room
temperature. After addition of 0.5 mL of ethyl vinyl ether and 10 mL of chloroform, the
mixture was stirred at room temperature for 10 minutes. The solid was dissolved and the
solution was poured into 150 mL of cold methanol. Precipitated solid was isolated by
filtration and dried in vacuum to yield the unsaturated polyester in virtually quantitative yield.
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1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.38 trans and 5.34 cis (m, 2H, CH=CH),

4.05 (t, 3J = 6.8 Hz, 4H, COOCH2), 2.28 (t, 3J = 7.5 Hz, 4H, CH2COO), 1.98 (m, 4H,
CH2CH=CHCH2), 1.61 (m, 8H, CH2CH2COOCH2CH2), 1.39-1.21 (br, 58H for poly-21, 94H
for poly-22, 106H for poly-23, 64H for poly-24, 100H for poly-25, 112H for poly-26, CH2).
C NMR (CDCl3, 25 °C, 101 MHz):  (ppm) = 174.2 (CO), 130.5 (trans CH=CH), 130.1

13

(cis CH=CH), 64.6 (COOCH2), 34.6, 32.8, 29.9, 29.8, 29.7, 29.5, 29.4, 29.3, 28.8, 27.4, 26.1,
25.2 (all CH2).

Saturated Ultralong-Chain Polyesters

General hydrogenation procedure: Ca. 100 mg of the unsaturated polyester was dissolved
in 6 mL of toluene and 5 mg of [(PCy3)2Cl2Ru=CHOEt] was added. The mixture was
transferred into a high pressure reactor and hydrogenated with 40 bar of hydrogen at 70 °C for
2 days. The reactor was cooled to room temperature, vented and the mixture was dissolved in
20 mL of hot toluene. The solution was poured into 100 mL of cold methanol and the polymer
precipitated as a colorless solid. The solid was isolated by filtration and dried in vacuum to
yield the saturated polyester in quantitative yield.
1

H NMR (C2D2Cl4, 130 °C, 400 MHz):  (ppm) = 4.02 (t, 3J = 6.6 Hz, 4H, COOCH2), 2.23

(t, 3J = 7.5 Hz, 4H, CH2COO), 1.58 (m, 8H, CH2CH2COOCH2CH2), 1.34-1.24 (m, 66H for
PE-20,23, 102H for PE-38,23, 114H for PE-44,23, 72H for PE-20,26, 108H for PE-38,26,
120H for PE-44,26, CH2).

C NMR (C2D2Cl4, 130 °C, 101 MHz):  (ppm) = 175.5 (CO),

13

63.8 (COOCH2), 34.9, 30.1, 30.0, 29.9, 29.8, 29.4, 26.4, 25.5 (all CH2).
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9.2.4 Long-Spaced Model Polymers from ADMET Copolymerizations

Monomer Synthesis

Synthesis of Undec-10-en-1-yl undec-10-enoate (14)

10-Undecenol 15 (16.93 g, 99.42 mmol) and undec-10-enoic acid 27 (18.32 g,
99.42 mmol) were dissolved in 100 mL of dry toluene under an inert gas atmosphere in a 250
mL round bottom flask equipped with a Dean-Stark apparatus. After addition of Ti(OnBu)4
(677 mg, 1.99 mmol) the reaction mixture was refluxed for two days and then cooled to room
temperature. After addition of 100 mL of water, 10 mL of acetic acid and 100 mL of toluene
the organic layer was separated and washed with saturated aq. NaHCO3 solution (20 mL) and
water (20 mL). The organic layer was dried with MgSO4 and evaporated. After column
chromatography using petrol ether/diethyl ether = 4/1 as the eluent, 14 was isolated as a
colorless oil (24.39 g, 72.48 mmol, 73 %).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.96 (m, 4H,

vinyl-CH2), 4.05 (t, 3J = 6.7 Hz, 2H, COOCH2), 2.28 (t, 3J = 7.5 Hz, 2H, CH2COO), 2.03 (m,
4H, CH2CH=CH2), 1.61 (m, 4H, CH2CH2COOCH2CH2), 1.41-1.23 (m, 22H, CH2). 13C NMR
(CDCl3, 25 °C, 101 MHz):  (ppm) = 174.2 (C=O), 139.4 (CH2=CH), 114.3 (CH2=CH), 64.5
(COOCH2), 34.6, 34.0, 33.9, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 29.0, 28.8, 26.1, 25.2 (all
CH2). Elemental analysis calculated for C22H44O2: 78.51 C, 11.98 H; found: 78.61 C, 12.05
H.

Synthesis of Undeca-1,10-diene (28)

11-Bromo-1-undecene 16 (10.65 g, 45.67 mmol) was dissolved in 100 mL of a 2/1 mixture
of dry THF and toluene in a 250 mL round bottom flask under an inert gas atmosphere.
Potassium tert-butoxide (10.25 g, 91.34 mmol) was added in portions over a period of two
hours at room temperature. The reaction mixture became turbid. Stirring was continued at
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room temperature overnight. After addition of 50 mL of water, 50 mL of 1 M aqueous HCl
solution and 200 mL of CH2Cl2 the organic layer was separated and washed with 50 mL of
conc. aq. NaHCO3 solution and 50 mL of water, followed by drying with MgSO4. The
solvents were evaporated under reduced pressure to yield a yellow oil. Compound 28 was
obtained as a colorless oil by distillation under reduced pressure (bp = 75 °C at 15 mbar,
6.32 g, 41.50 mmol, 71 %).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.96 (m, 4H,

vinyl-CH2), 2.04 (m, 4H, CH2CH=CH2), 1.38 (m, 4H, CH2CH2CH=CH2), 1.29 (m, 6H, CH2).
C NMR (CDCl3, 25 °C, 101 MHz):  (ppm) = 139.4 (CH2=CH), 114.3 (CH2=CH), 34.0,

13

29.5, 29.2, 29.1 (all CH2).

Synthesis of 2‐(Dec‐9‐en‐1‐yl)‐1,3‐dithiane (30)

Undec-10-enal 29 (5.00 g, 29.8 mmol) was dissolved in 100 mL of CH2Cl2 in a 250 mL
three-necked round bottom flask equipped with a condenser. Propane-1,3-dithiol (4.10 g,
37.8 mmol) was added at room temperature and the reaction was started by adding 3 drops of
methanesulfonic acid. The reaction mixture became turbide and inductive heating was
observed. After 30 minutes, the mixture was heated to reflux overnight. After cooling to room
temperature, solvents were evaporated under reduced pressure to obtain an oil, which was
purified by column chromatography (petrol ether/ethyl acetate: 20/1) to obtain compound 30
as a colorless oil (6.78 g, 26.4 mmol, 87%) of a colorless oil.
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.95 (m, 4H,

vinyl-CH2), 4.04 (t, 3J = 7.2 Hz, 1H, CH(SR)2), 2.93-2.74 (m, 4H, S-CH2-CH2-CH2-S), 2.66
(m, 1H, S-CH2-CHH-CH2-S), 2.11 (m, 1H, S-CH2-CHH-CH2-S), 2.07-1.99 (m, 2H,
CH2=CH-CH2), 1.92-1.84 (m, 2H, CH2-CH(SR)2) 1.59-1.44 (m, 2H, CH2), 1.44-1.21 (m,
10H, CH2).

13

C NMR (CDCl3, 25 °C, 101 MHz):  (ppm) = 139.4 (CH2=CH), 114.3

(CH2=CH), 47.9 (C(SR)2), 35.6, 33.9, 30.7, 29.5, 29.4, 29.2, 29.1, 26.7, 26.2 (all CH2).
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Synthesis of 2‐(Dec‐9-en-1-yl)-2-(undec-10-en-1-yl)-1,3-dithiane (31)

6.76 g (26.6 mmol) of compound 30 was dissolved in 100 mL of dry THF in a 300 mL
Schlenk tube under an inert gas atmosphere conditions and cooled to -50 °C in an isopropanol/CO2 bath. 16.3 mL (26.6 mmol) of nBuLi solution (1.6 M in hexane) was added
dropwise under vigorous stirring. The reaction mixture was warmed to -20 °C over a period of
3 hours and then NaI (80.0 mg, 0.52 mmol) and 6.06 g (26.9 mmol) of the bromide 16 were
slowly added. The slightly brownish solution was allowed to warm to room temperature
overnight. 50 mL of water, 50 mL of aqueous 1 M HCl solution and 150 mL of CH2Cl2 were
added. The organic phase was washed with 50 mL of saturated aq. NaHCO3 solution and
50 mL of water and dried over MgSO4. Solvents were evaporated under reduced pressure to
obtain a yellow oil, which was purified by column chromatography (petrol ether/ethyl acetate:
20/1) to yield compound 31 as an almost colorless oil (6.81 g, 16.1 mmol, 62%).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.96 (m, 4H,

vinyl-CH2), 2.80 (m, 4H, S-CH2-CH2-CH2-S), 2.04 (m, 4H, CH2=CH-CH2), 1.95 (m, 2H, SCH2-CH2-CH2-S), 1.85 (m, 4H, CH2-C(SR)2-CH2), 1.40-1.25 (m, H, CH2). 13C NMR (CDCl3,
25 °C, 101 MHz):  (ppm) = 139.4 (CH2=CH), 114.3 (CH2=CH), 53.6 (C(SR)2), 38.3, 34.0,
30.0, 29.7, 29.6, 29.3, 29.1, 26.2, 25.8, 24.2 (all CH2).

Synthesis of Docosa-1,21-dien-11-one (32)

In a 250 mL three-necked round bottom flask equipped with a reflux condenser, 6.81 g
(16.5 mmol) of compound 31 was dissolved in 80 mL of ethanol and heated to 70 °C to obtain
a homogeneous solution. 6.80 g (40.1 mmol) of AgNO3 were dissolved in 5 mL of water and
added dropwise over a period of 5 minutes to the reaction mixture, which was refluxed
overnight afterwards. A colorless solid precipitated. After cooling to room temperature,
100 mL of CH2Cl2 was added. The mixture was cooled to 0 °C in an ice bath and the
precipitate was filtered of. The filtrate was washed with 100 mL of CH2Cl2, the organic phase
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was separated and dried over MgSO4. Solvents were removed under reduced pressure to
obtain a yellowish oil, which was purified by column chromatography (petrol ether/ethyl
acetate: 20/1) to yield compound 32 as a colorless solid (2.24 g, 7.01 mmol, 50%).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.97 (m, 4H,

vinyl-CH2), 2.37 (t, 3J = 7.4 Hz, 4H, CH2-C(=O)-CH2), 2.03 (m, 4H, CH2=CH-CH2), 1.55 (m,
4H, CH2-CH2-C(=O)-CH2-CH2), 1.40-1.25 (m, 22H, CH2).

13

C NMR (CDCl3, 25 °C, 101

MHz):  (ppm) = 211.8 (C=O), 139.4 (CH2=CH), 114.3 (CH2=CH), 53.6 (CH2-C(=O)-CH2),
42.7, 38.3, 34.0, 30.0, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 26.2, 25.8, 24.2, 24.0 (all CH2).

Synthesis of Di(undec-10-en-1-yl) carbonate (33)

In a 50 mL Schlenk tube equipped with a stirr bar, 10-undecenol 15 (8.09 g, 47.5 mmol),
dimethyl carbonate (2.14 g, 23.8 mmol) and potassium carbonate (164 mg; 1.18 mmol) were
added under an inert gas atmosphere. The reaction mixture was heated to 100 °C for 2 hours
at atmosphere pressure. Then a dynamic vacuum of 100 mbar was applied for 5 hours at
100 °C to remove the byproduct methanol from the reaction mixture. The reaction mixture
was cooled to room temperature and directly loaded on a silica column using pentane/ethyl
acetate = 10/1 as the eluent. Compound 33 was obtained as a colorless oil (5.81 g, 15.85
mmol, 67 %).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.96 (m, 4H,

vinyl-CH2), 4.12 (t, 3J = 6.7 Hz, 4H, CH2OC(O)OCH2), 2.04 (m, 4H, CH2CH=CH2), 1.66 (m,
4H, CH2CH2OC(O)OCH2CH2), 1.41-1.23 (m, 24H, CH2).

13

C NMR (CDCl3, 25 °C, 101

MHz):  (ppm) = 155.6 (C=O), 139.4 (CH2=CH), 114.3 (CH2=CH), 68.2 (CH2OC(O)OCH2),
34.0, 29.6, 29.5, 29.4, 29.2, 29.1, 28.8, 25.9 (all CH2). Elemental analysis calculated for
C23H42O3: 75.36 C, 11.55 H; found: 75.58 C, 12.09 H.

140

9. Experimental Section
Synthesis of Bis(undec-10-en-1-yloxy)methane (34)

In a 50 mL Schlenk tube equipped with a stirr bar, 10-undecenol 15 (5.43 g, 31.9 mmol),
diethoxymethane (1.66 g, 15.9 mmol) and methanesulfonic acid (150 mg, 1.54 mmol) were
added under an inert gas atmosphere. The reaction mixture was heated to 80 °C for 12 hours
at atmosphere pressure. Then a dynamic vacuum of 100 mbar was applied for 5 hours at
80 °C to remove the byproduct ethanol from the reaction mixture. The mixture was cooled to
room temperature and directly loaded on a silica column using pentane/ethyl acetate = 10/1 as
the eluent. Compound 34 could be obtained as a colorless oil (4.07 g, 11.5 mmol, 72 %).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.95 (m, 4H,

vinyl-CH2), 4.66 (s, 2H, OCH2O), 3.97 (t, 3J = 6.7 Hz, 4H, CH2OCH2OCH2), 2.04 (m, 4H,
CH2CH=CH2), 1.58 (m, 4H, CH2CH2OCH2OCH2CH2), 1.41-1.23 (m, 24H, CH2). 13C NMR
(CDCl3, 25 °C, 101 MHz):  (ppm) = 139.4 (CH2=CH), 114.3 (CH2=CH), 95.4 (OCH2O),
68.0 (CH2OCH2OCH2), 34.0, 29.9, 29.7, 29.6, 29.3, 29.1, 26.4 (all CH2). Elemental analysis
calculated for C23H44O2: 78.35 C, 12.58 H; found: 78.38 C, 13.20 H.

Synthesis of 11-(Undec-10-en-1-yloxy)undec-1-ene (35)

Sodium hydride (730 mg, 30.40 mmol) was added to 50 mL of dry THF in a 250 mL
Schlenk flask under an inert gas atmosphere to yield a grey suspension. 10-Undecenol 15
(4.93 g, 28.95 mmol) in 10 mL of dry THF was added dropwise over a period of 10 minutes.
The suspension was stirred at room temperature for 30 minutes and then 11-bromoundec-1ene 16 (6.75 g, 28.95 mmol) in 10 mL of dry THF was added dropwise over a period of
20 minutes. The reaction mixture was refluxed for 12 hours, then cooled to room temperature
and 50 mL of 1 M aq. HCl solution, 50 mL of water and 100 mL of CH 2Cl2 were added. The
organic phase was separated, washed with water (3  50 mL) and dried with MgSO4. The
solvents were evaporated in vacuum to yield a yellowish oil, which was purified by column
chromatography using first petrol ether, then petrol ether/ethyl acetate = 20/1 as the eluent.
Compound 35 could be obtained as a colorless oil (3.21 g, 9.95 mmol, 34 %).
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1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 2H, vinyl-CH), 4.95 (m, 4H,

vinyl-CH2), 3.39 (t, 3J = 6.7 Hz, 4H, CH2OCH2), 2.04 (m, 4H, CH2CH=CH2), 1.55 (m, 4H,
CH2CH2OCH2CH2), 1.41-1.23 (m, 24H, CH2). 13C NMR (CDCl3, 25 °C, 101 MHz):  (ppm)
= 139.4 (CH2=CH), 114.2 (CH2=CH), 71.1 (CH2OCH2), 34.0, 29.9, 29.7, 29.6, 29.3, 29.1,
26.4 (all CH2). Elemental analysis calculated for C22H42O: 81.92 C, 13.12 H; found: 81.98 C,
13.16 H.

Synthesis of 11-Azidoundec-1-ene (36)

11-Bromoundec-1-ene 16 (11.61 g, 49.80 mmol) was dissolved in 80 mL of dry DMSO in
a 250 mL Schlenk flask under an inert gas atmosphere and sodium azide (6.47 g, 99.60 mmol)
was added. The reaction mixture was stirred at room temperature for 30 minutes and then
heated to 60 °C for 2 hours. The mixture was cooled to room temperature and 200 mL of
CH2Cl2 and 200 mL of water were added. The organic phase was separated, washed with
water (3 × 100 mL) and dried with MgSO4. The solvents were evaporated in vacuum to yield
compound 36 as lightly yellowish oil, which was used in the following reaction step without
further purification (9.19 g, 47.06 mmol, 94 %).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 1H, vinyl-CH), 4.95 (m, 2H,

vinyl-CH2), 3.25 (t, 3J = 7.0 Hz, 2H, CH2N3), 2.04 (m, 2H, CH2CH=CH2), 1.60 (m, 2H,
CH2CH2N3), 1.41-1.23 (m, 12H, CH2). 13C NMR (CDCl3, 25 °C, 101 MHz):  (ppm) = 139.3
(CH2=CH), 114.3 (CH2=CH), 51.7 (CH2N3), 33.9, 29.6, 29.5, 29.3, 29.2, 29.1, 29.0, 26.9 (all
CH2). Elemental analysis calculated for C11H21N3: 67.65 C, 10.84 H, 21.52 N; found: 67.40
C, 11.15 H, 21.44 N.

Synthesis of Undec-10-en-1-amine (37)

In a 1000 mL three necked round bottom flask equipped with a condenser 300 mL of dry
THF were cooled to 0 °C in an ice/water bath. LiAlH4 (3.57 g, 94.12 mmol) was added slowly
to give a grey suspension, which was stirred for 5 minutes. 11-Azidoundec-1-ene 36 (9.19 g,
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47.06 mmol) was dissolved in 80 mL of dry THF and slowly added to the LiAlH4 suspension
over a period of 30 minutes, stirred for further 30 minutes at 0 °C and then refluxed for
additional 2 hours. The mixture was cooled to 0 °C and then water was added dropwise until
hydrogen gas evolution ceased. After further addition of 30 mL of water and 10 mL of a
20 wt.% aq. NaOH solution, the suspension was filtered over a Büchner funnel. The residue
was extracted with THF (3 × 50 mL). The filtrates were combined and the solvents were
evaporated in vacuum to a volume of about 100 mL. 200 mL of CH2Cl2 and 200 mL of water
were added, the organic phase was separated and dried with MgSO4. The solvents were
evaporated in vacuum to yield compound 37 as a lightly yellow oil, which solidified over the
following days. The product was used in the following reaction step without further
purification (7.22 g, 42.63 mmol, 91 %).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.81 (m, 1H, vinyl-CH), 4.95 (m, 2H,

vinyl-CH2), 2.68 (t, 3J = 7.0 Hz, 2H, CH2NH2), 2.04 (m, 2H, CH2CH=CH2), 1.48-1.23 (m,
16H, NH2 and CH2). 13C NMR (CDCl3, 25 °C, 101 MHz):  (ppm) = 139.4 (CH2=CH), 114.3
(CH2=CH), 42.4 (CH2NH2), 34.0, 29.7, 29.6, 29.3, 29.1, 27.1 (all CH2).

Synthesis of N-(Undec-10-en-1-yl)undec-10-enamide (38)

Undec-10-enoic acid 27 (4.58 g, 24.87 mmol) was placed in a 200 mL Schlenk tube
equipped with a condenser and thionyl chloride (2.71 mL, 4.44 g, 37.31 mmol) was added
under an inert gas atmosphere. The mixture was stirred at room temperature for 3 hours until
the gas evolution ceased and then refluxed for 2 hours. The reaction mixture was cooled to
room temperature and excessive thionyl chloride was destilled off in vacuum to yield the acid
chloride as a reddish oil, which was used in the amidation reaction without further
purification. Undec-10-en-1-amine 37 (4.21 g, 24.87 mmol) and dry triethylamine (3.45 mL,
2.52 g, 24.87 mmol) were dissolved in 100 mL of dry THF in a 250 mL round bottom flask
under an inert gas atmosphere. The acid chloride was added dropwise over a period of 1 hour
and the reaction mixture was stirred at room temperature overnight. 150 mL of CH2Cl2 and
100 mL of water were added. The organic phase was separated and washed with water
(2 × 50 mL), dried with MgSO4 and the solvents were evaporated in vacuum. The crude
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product was purified by column chromatography using petrol ether/ethyl acetate = 2/1 as the
eluent to yield compound 38 as a colorless solid (6.74 g, 20.09 mmol, 81 %).
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.80 (m, 2H, vinyl-CH), 5.38 (br, 1H, NH),

4.95 (m, 4H, vinyl-CH2), 3.23 (m, 2H, CONHCH2), 2.14 (t, 3J = 7.5 Hz, 2H, CH2CONH),
2.03 (m, 2H, CH2CH=CH2), 1.61 (m, 2H, CH2CH2CONH), 1.48 (m, 2H, CONHCH2CH2),
1.48-1.23 (m, 22H, CH2). 13C NMR (CDCl3, 25 °C, 101 MHz):  (ppm) = 173.2 (CO), 139.3
(CH2=CH), 114.3 (CH2=CH), 39.6, 37.1, 33.9, 29.9, 29.6, 29.5, 29.4, 29.2, 29.1, 29.0, 27.1,
26.0 (all CH2). Elemental analysis calculated for C22H41NO: 78.74 C, 12.32 H, 4.17 N; found:
78.69 C, 12.49 H, 4.30 N.

ADMET Copolymerization and Hydrogenation Procedures

Unsaturated polyesters, polycarbonates, polyketones, polyacetals and polyoxyalkylenes

General polymerization procedure: A mixture (altogether ca. 250 mg) of the appropriate
amounts of the non-functionalized monomer 28 and the functionalized monomer (14 for
polyesters, 32 for polyketones, 33 for polycarbonates, 34 for polyacetals and 35 for
polyoxyalkylenes) were weighed in a 25 mL Schlenk tube equipped with a stirr bar under
inert atmosphere conditions. 0.5 mol% of Grubbs 1st generation catalyst (G1) was added and
the mixture was kept at a reduced pressure of 150 mbar (dynamic vacuum) at a temperature of
40 °C with moderate stirring. Over a period of 2 hours, viscosity increased significantly and
the pressure was reduced stepwise to 10 mbar while the reaction temperature was raised to
65 °C. In the case of solidification of the reaction mixture for polyketones, the reaction
temperature was further increased (up to 100 °C for PK-52.6). The pressure was reduced to
0.1 mbar and the polymerization was continued for two days. The mixture was cooled to room
temperature and the catalyst was quenched by addition of 1 mL of ethyl vinyl ether and 5 mL
of chloroform. The mixture was stirred for 30 min at room temperature. The polymer was
dissolved and then precipitated in 150 mL of ice-cold methanol. The unsaturated copolymer
(polyester
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polyoxyalkylene PO-X) was isolated by filtration in virtually quantitative yield as a colorless
or slightly grayish solid.
Unsaturated polyesters PE-X: 1H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.38 trans
and 5.34 cis (m, CH=CH), 4.05 (t, 3J = 6.8 Hz, COOCH2), 2.28 (t, 3J = 7.5 Hz, CH2COO),
1.98 (m, CH2CH=CHCH2), 1.61 (m, CH2CH2COOCH2CH2), 1.39-1.21 (br, CH2). 13C NMR
(CDCl3, 25 °C, 101 MHz):  (ppm) = 174.2 (CO), 130.5 (trans CH=CH), 130.1 (cis
CH=CH), 64.6 (COOCH2), 34.6, 32.8, 29.9, 29.8, 29.7, 29.5, 29.4, 29.3, 28.8, 27.4, 26.1,
25.2 (all CH2).
Unsaturated polyketones PK-X: 1H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.38 trans
and 5.34 cis (m, CH=CH), 2.37 (t, 3J = 7.4 Hz, CH2C(O)CH2), 1.98 (m, CH2CH=CHCH2),
1.55 (m, CH2CH2C(O)CH2CH2), 1.35-1.23 (br, CH2). 13C NMR (CDCl3, 25 °C, 101 MHz): 
(ppm) = 211.8 (C=O), 130.5 (trans CH=CH), 130.0 (cis CH=CH), 43.0 (CH2C(=O)CH2),
32.8, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 27.4, 24.1 (all CH2).
Unsaturated polycarbonates PC-X: 1H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.38
trans and 5.34 cis (m, CH=CH), 4.12 (t, 3J = 6.7 Hz, CH2OC(O)OCH2), 1.98 (m,
CH2CH=CHCH2), 1.66 (m, CH2CH2OC(O)OCH2CH2), 1.39-1.21 (br, CH2).

13

C NMR

(CDCl3, 25 °C, 101 MHz):  (ppm) = 155.6 (C=O), 130.5 (trans CH=CH), 130.1 (cis
CH=CH), 68.2 (CH2OC(O)OCH2), 34.6, 32.8, 29.9, 29.8, 29.7, 29.5, 29.4, 29.3, 28.8, 27.4,
26.1, 25.2 (all CH2).
Unsaturated polyacetals PAc-X: 1H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.38 trans
and 5.34 cis (m, CH=CH), 4.66 (s, 2H, OCH2O), 3.97 (t, 3J = 6.7 Hz, CH2OCH2OCH2), 1.98
(m, CH2CH=CHCH2), 1.58 (m, CH2CH2OCH2OCH2CH2), 1.39-1.21 (br, CH2).

13

C NMR

(CDCl3, 25 °C, 101 MHz):  (ppm) = 130.5 (trans CH=CH), 130.1 (cis CH=CH), 95.4
(OCH2O), 68.0 (CH2OCH2OCH2), 34.6, 32.8, 29.9, 29.8, 29.7, 29.5, 29.4, 29.3, 28.8, 27.4,
26.1, 25.2 (all CH2).
Unsaturated polyoxyalkylenes PO-X: 1H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.38
trans and 5.34 cis (m, CH=CH), 3.38 (t, 3J = Hz, CH2OCH2), 1.98 (m, CH2CH=CHCH2),
1.55 (m, CH2CH2OCH2CH2), 1.36-1.23 (br, all CH2). 13C NMR (CDCl3, 25 °C, 101 MHz): 
(ppm) = 130.5 (trans CH=CH), 130.1 (cis CH=CH), 71.1 (CH2OCH2), 32.8, 30.0, 29.8, 29.7,
29.5, 29.3, 27.4, 26.4 (all CH2).
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Unsaturated polyamides

General polymerization procedure: A mixture (ca. 250 mg) of the appropriate amounts of
the amide functionalized diene 38 and the purely aliphatic diene 28 was weighed in a 25 mL
Schlenk tube equipped with a stirr bar under nitrogen atmosphere. The mixture was heated to
60 °C to yield a homogeneously molten monomer solution. 0.5 mol% of the corresponding
ruthenium alkylidene catalyst precursor was added, and the mixture was kept at a reduced
pressure of 150 mbar (dynamic vacuum) and stirred moderately. For polyamides with
moderate to high amide contents, the reaction temperature was adapted according to the
melting points of the resulting unsaturated polyamides to prevent the reaction mixture from
solidifying. After 10 minutes, the pressure was reduced stepwise to 0.1 mbar. Polymerization
was continued for 24 hours. The mixture was cooled to room temperature. 10 mL of
chloroform and 1 mL of ethyl vinyl ether were added, the polymer was dissolved under
moderate heating and the solution was stirred for 30 minutes. The polymer was precipitated in
150 mL of ice-cold methanol to yield the unsaturated polyamide PA-X in virtually
quantitative yield as a colorless solid.
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.54 (br, CONH), 5.38 (m, trans CH=CH),

5.34 (m, cis CH=CH), 3.22 (m, CONHCH2), 2.14 (t, 3J = 7.6 Hz, CH2CONH), 2.00 (m, cis
CH2CH=CHCH2), 1.96 (m, trans CH2CH=CHCH2), 1.61 (m, CH2CH2CONH), 1.48 (m,
CONHCH2CH2), 1.34-1.24 (br, CH2). 13C NMR (CDCl3, 25 °C, 101 MHz):  (ppm) = 173.2
(CONH), 130.5 (trans CH=CH), 130.1 (cis CH=CH), 39.7 (CONHCH2), 37.1 (CH2CONH),
32.8 (trans CH2CH=CHCH2), 27.4 (cis CH2CH=CHCH2), 29.9, 29.8, 29.7, 29.6, 29.5, 29.3,
29.2, 27.1, 26.0 (all CH2).
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Unsaturated polyesteramides

General polymerization procedure: A mixture (ca. 250 mg) of the appropriate amounts of
the amide functionalized diene 38 and the ester functionalized diene 14 was weighed in a
25 mL Schlenk tube equipped with a stirr bar under nitrogen atmosphere. The mixture was
heated to 65 °C to yield a homogeneously molten monomer solution. 0.5 mol% of HG2 was
added and the mixture was kept at a reduced pressure of 150 mbar (dynamic vacuum) and
stirred moderately. For polyesteramides with moderate to high amide contents, the reaction
temperature was adapted according to the melting points of the resulting unsaturated
polyesteramides to prevent the reaction mixture from solidifying. After 10 minutes, the
pressure was reduced stepwise to reach 0.1 mbar. Polymerization was continued for 24 hours
and then cooled to room temperature. 10 mL of chloroform and 1 mL of ethyl vinyl ether
were added, the polymer was dissolved under moderate heating and the solution was stirred
for 30 minutes. The polymer was precipitated in 150 mL of ice-cold methanol to yield the
unsaturated polyesteramide PEaAb-X in virtually quantitative yield as a colorless solid.
1

H NMR (CDCl3, 25 °C, 400 MHz):  (ppm) = 5.60 (br, CONH), 5.37 (m, trans CH=CH),

5.34 (m, cis CH=CH), 4.05 (t, 3J = 6.7 Hz, COOCH2), 3.22 (m, CONHCH2), 2.28 (t, 3J = 7.5
Hz, CH2COO), 2.14 (t, 3J = 7.6 Hz, CH2CONH), 1.99 (m, cis CH2CH=CHCH2), 1.96 (m,
trans CH2CH=CHCH2), 1.65-1.57 (m, CH2CH2COOCH2CH2 and CH2CH2CONH), 1.48 (m,
CONHCH2CH2), 1.35-1.23 (m, CH2). 13C NMR (CDCl3, 25 °C, 101 MHz):  (ppm) = 174.1
(COO), 173.2 (CONH), 130.5 (trans CH=CH), 130.1 (cis CH=CH), 64.6 (COOCH2), 39.7
(CONHCH2), 37.1 (CH2CONH), 34.6 (CH2COO), 32.8 (trans CH2CH=CHCH2), 27.4 (cis
CH2CH=CHCH2), 32.7, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 28.8, 27.1, 26.1, 26.0,
25.2 (all CH2).
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Saturated polyesters, polycarbonates, polyketones, polyacetals and polyoxyalkylenes

General hydrogenation procedure: For hydrogenation, 200 mg of the unsaturated polymer
(polyester, polycarbonate, polyketone, polyacetal, polyoxyalkylenes) was dissolved in 7 mL
of toluene at 50 °C and 2 mg of [(PCy3)2Cl2Ru=CHOEt] was added. Hydrogenation was
conducted at 110 °C with a H2 pressure of 40 bar in a pressure reactor equipped with a
magnetic stirr bar for 2 days. For the preparation of saturated polymers with a melting point
above 110 °C, the hydrogenation temperature was increased appropriately to keep the reaction
mixture liquefied. For the non-functionalized homopolymer of 28 (PE-0.0), ortho-xylene and
a hydrogenation temperature of 140 °C was applied. The reactor was cooled to room
temperature, vented, and the reaction mixture was dissolved in 30 mL of boiling toluene. The
hot solution was added to 150 mL of ice-cold methanol and the polymer precipitated. The
saturated polymer (polyester PE-XH, polyketone PK-XH, polycarbonate PC-XH, polyacetal
PAc-XH, polyoxyalkylene PO-XH) could be isolated by filtration as a lightly grey solid in
quantitative yield.
Saturated polyesters PE-XH: 1H NMR (C2D2Cl4, 130 °C, 400 MHz):  (ppm) = 4.01 (t, 3J
= 6.7 Hz, COOCH2), 2.23 (t, 3J = 7.4 Hz, CH2COO), 1.58 (m, CH2CH2COOCH2CH2, 1.25
(m, CH2). 13C NMR (C2D2Cl4, 130 °C, 101 MHz): 175.5 (CO), 63.8 (COOCH2), 34.9, 30.1,
30.0, 29.9, 29.7, 29.3, 26.4, 25.5 (all CH2).
Saturated polycarbonates PC-XH: 1H NMR (C2D2Cl4, 130 °C, 400 MHz):  (ppm) = 4.09
(t, 3J = 6.7 Hz, CH2OC(O)OCH2), 1.65 (qui, 3J = 7.0 Hz, CH2CH2OC(O)OCH2CH2), 1.39 –
1.24 (m, CH2).

13

C NMR (C2D2Cl4, 130 °C, 101 MHz):  (ppm) = 155.2 (CO), 68.0

(CH2OC(O)OCH2), 33.7, 29.3, 29.1, 29.0, 28.8, 28.6, 25.6 (all CH2).
Saturated polyketones PK-XH: 1H NMR (C2D2Cl4, 130 °C, 400 MHz):  (ppm) = 2.28 (t,
J = 7.5 Hz, CH2C(O)CH2), 1.44 (qui, 3J = 7.1 Hz, CH2CH2C(O)CH2CH2), 1.30 – 1.23 (br,

3

CH2). 13C NMR (C2D2Cl4, 130 °C, 101 MHz):  (ppm) = 211.8 (CO), 42.6 (CH2C(O)CH2),
33.7, 29.3, 29.2, 29.1, 29.0, 28.9, 28.8, 23.8 (all CH2).
Saturated polyacetals PAc-XH: 1H NMR (C2D2Cl4, 130 °C, 400 MHz):  (ppm) = 4.60 (s,
OCH2O), 3.49 (t, 3J = 6.6 Hz, CH2OCH2OCH2), 1.56 (m, CH2CH2OCH2OCH2CH2), 1.40 –
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1.20 (br, CH2).

13

C NMR (C2D2Cl4, 130 °C, 101 MHz):  (ppm) = 95.0 (OCH2O), 67.7

(CH2OCH2OCH2), 33.7, 29.6, 29.5, 29.4, 29.3, 29.0, 28.8, 26.1 (all CH2).
Saturated polyoxyalkylenes PO-XH: 1H NMR (C2D2Cl4, 130 °C, 400 MHz):  (ppm) =
3.29 (t, 3J = 6.8 Hz, CH2OCH2), 1.46 (m, CH2CH2OCH2CH2), 1.30 – 1.20 (br, CH2).

13

C

NMR (C2D2Cl4, 130 °C, 101 MHz):  (ppm) = 70.8 (CH2OCH2), 33.9, 29.8, 29.6, 29.5, 29.2,
29.0, 26.2 (all CH2).

Saturated polyamides and polyesteramides

General hydrogenation procedure: 150 mg of the unsaturated polyamide or
polyesteramide was dissolved in 8 mL of hot toluene (for PA-0.0 xylene was used; for
polymers with amide contents >30 amide groups per 1000 methylene units phase-separated
systems were obtained). After addition of 2 mg of Wilkinson’s catalyst, the reaction mixture
was transferred into a stainless steel pressure reactor equipped with a magnetic stirr bar. The
reactor was closed and pressurized with 40 bar of hydrogen gas and heated to 130 °C for
24 hours. Then, the reactor was cooled to room temperature, vented and the precipitated
polymer was dissolved in 40 mL of boiling toluene (for PA-0.0H ortho-xylene was used, for
polymers with amide contents >30 amide groups per 1000 methylene units, 1,1,2,2tetrachloroethane was used). The polymer was precipitated in 250 mL of ice-cold methanol
and isolated by filtration to obtain the hydrogenated compound (polyamide PA-XH,
polyesteramide PEaAb-XH as grayish solids in virtually quantitative yield.
Saturated polyamides PA-XH: 1H NMR (C2D2Cl4, 130 °C, 400 MHz):  (ppm) = 5.22 (s,
CONH), 3.18 (m, CONHCH2), 2.10 (t, 3J = 7.3Hz, CH2CONH), 1.58 (m, CH2CH2CONH),
1.47 (m, CONHCH2CH2), 1.31-1.26 (br, CH2).

C NMR (C2D2Cl4, 130 °C, 101 MHz): 

13

(ppm) = 173.0 (CONH), 30.3, 30.0, 29.9, 29.8, 29.7, 29.6, 27.4, 26.1 (all CH2).
Saturated polyesteramides PEaAb-XH: 1H NMR (C2D2Cl4, 130 °C, 400 MHz):  (ppm) =
5.23 (br, CONH), 4.03 (t, 3J = 6.7 Hz, COOCH2), 3.19 (m, CONHCH2), 2.25 (t, 3J = 7.4 Hz,
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CH2COO), 2.10 (t, 3J = 7.3 Hz, CH2CONH), 1.63-1.58 (m, CH2CH2COOCH2CH2 and
CH2CH2CONH), 1.47 (m, CONHCH2CH2), 1.36-1.24 (m, CH2). 13C NMR (C2D2Cl4, 130 °C,
101 MHz):  (ppm) = 173.2 (COO), 173.2 (CONH), 64.1 (COOCH2), 34.2 (CONHCH2),
29.6, 29.4, 29.3, 29.2, 29.1, 29.0, 28.9, 28.6, 26.7, 25.8, 25.4, 24.8 (all CH2).
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