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1 General Introduction 

Since the dawn of mankind an essential outcome of curiosity-driven discovery was the 

development of materials with specific properties for distinct applications. The importance of 

materials for human development is reflected in the categorization of ages named after the 

respective predominant material, e.g., the Bronze Age.
1
 The development of a deeper 

understanding for polymeric materials in the early 20
th

 Century, amongst others by Hermann 

Staudinger,
2
 paved the way for today’s modern life since it enabled the rational discovery of 

new synthetic routes for the preparation of well-defined polymers and, coupled with this, the 

synthesis of novel functional materials. The high potential of polymers and its importance for 

today’s daily life manifests itself in a world production of around 310 million tons with a 

growth of approximately 4 % per annum.
3
 A significant advantage of this material class in 

general and especially over traditional naturally occurring materials, for instance wood or 

rock, is its suitability for the (mass) production of bulk commodities as well as the possibility 

for a well-defined adjustment of specific material properties, such as weight, strength, 

flexibility, or chemical reactivity, e.g., by the choice of monomers, controlling the molecular 

weight or via defined functionalization of the polymer chains. Beside the classical application 

of polymers, such as polyolefins, polyurethanes, or polyesters and -amides, in mass products, 

specialized (functional) polymers, thus, have become of increasing interest for the 

development of novel technologies in a multitude of disciplines. 

However, regarding the properties of a material, they are not only controlled by the 

chemical composition of the material itself but also by its physical form. During the transition 

from bulk material to nanoparticulate structures a significant change of the chemical and 

physical properties is observed, i.e., nanoparticles exhibit significantly different properties 

than larger aggregates consisting of the identical material. Therefore, nanomaterials, that is, 

particles with a size ranging from 1 – 100 nm in at least one dimension,
4
 are of interest from 

many different viewpoints. Consequently, nanomaterials are used in various fields, such as 

high performance materials, cosmetics, electronics and information technology.
5
 However, a 

better understanding of the interactions of nanoparticulate structures among each other and 

with their environment is inevitable in order to take full advantage of this potential for the 

development of novel materials and technologies, e.g., the use of nanoparticles as carrier 

system for a targeted drug-delivery.
6
 In addition, this could enable a better assessment of 

potentially related risks of these nanostructures to humans and the environment, which is of 
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eminent importance since, although nanoparticles are naturally occurring ever since, e.g., 

from combustion processes or by nucleation and growth of atmospheric nanoparticles,
7
 the 

exposure to (engineered) nanomaterials can be expected to increase in the future. Concerning 

an access to suitable model systems in order to study these interactions, functionalization of 

inorganic nanoparticles, comprising metals as well as metal oxides, for instance with 

fluorescent reporter molecules for a straightforward monitoring via fluorescence microscopy 

or with (bio)molecules for a defined surface functionalization, requires binding of functional 

organic ligands to inorganic surfaces, which generally limits this approach.
8
 Furthermore, 

precise control over functional ligand composition most often is difficult to achieve due to 

unbalanced stoichiometries between small molecules and relatively much larger 

nanoparticles.
9
 In comparison, modern tools of polymer chemistry allow for a facile 

functionalization and tailoring of polymeric materials and, thus, well-directed 

functionalization of polymer nanoparticles is much more feasible and can be accomplished 

during the preparation process in a well-controlled manner. Among these, nanoparticulate 

structures composed of polyethylene (PE) are interesting since their inherent crystallinity 

potentially offers the possibility to control the nanoparticle morphology, a parameter that is 

important when investigating nanoparticles and their interactions, e.g., the cellular 

internalization pathways of nanoparticles have been shown to depend on the particle shape.
10

 

Thus, due to its capability to afford well-defined, precisely functionalized polymer 

architectures, the following section addresses ring-opening metathesis polymerization 

(ROMP) and its potential for the synthesis of tailor-made polymer nanoparticles. 

Subsequently, an overview over the state-of-the-art synthesis and properties of anisotropic PE 

nanocrystals is given. 

1.1 Ring-Opening Metathesis Polymerization 

Ziegler’s discovery of metal-catalyzed olefin polymerizations in the mid-1950s
11

 

promoted the exploration of novel metal-mediated transformations of olefins. Based on this, 

olefin metathesis was discovered when the metal-catalyzed polymerization of norbornene was 

studied, which surprisingly yielded highly unsaturated polymer in which the strained 

norbornene ring had been opened, rather than a saturated Ziegler addition polymer as had 

been expected previously.
12,13

 Since these first studies applying ill-defined early transition 

metal-based initiator systems, olefin metathesis has continuously been further developed and 

by now it has emerged as a valuable tool in various fields of synthetic chemistry, such as the 

synthesis of organic small molecules, e.g., pharmaceutical intermediates, as well as the 
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preparation of polymeric materials. In general, an olefin metathesis reaction is described by 

the redistribution of olefinic fragments by the scission and regeneration of carbon-carbon 

double bonds, i.e., the double-bonds substituents will exchange positions with one another as 

a net result (Figure 1.1a). 

 

Figure 1.1:  (a) General reaction scheme of an olefin metathesis reaction. (b) Generalized 

examples of the most prominent members of the olefin metathesis family.  

Essentially, the rapid increase in scope of this peculiar type of reaction over the past few 

decades can be attributed to intense research on the identification and isolation of metal 

complexes involved in this unique reaction scheme, the improvement of their reactivity 

regarding, e.g., functional group tolerance, efficiency and selectivity, as well as extensive 

mechanistic studies, which altogether provided a deep understanding of olefin metathesis 

reactions.
14,15,16

 This development culminated in the award of the Nobel Prize in Chemistry 

2005 to Yves Chauvin, Robert H. Grubbs and Richard R. Schrock for the development of the 

metathesis method in organic chemistry.
17

 A multitude of chemical transformations based on 

this reaction scheme have been developed, such as ring-closing metathesis (RCM), ring-

opening metathesis (ROM), cross metathesis (CM), acyclic diene metathesis polymerization 

(ADMET), and ring-opening metathesis polymerization (ROMP) (Figure 1.1b). Among these, 

ROMP has evolved into a useful tool in the field of polymer chemistry since it provides 
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access to complex polymeric architectures with useful functions, which are not accessible by 

means of any other polymerization technique.
18

 In this process, a (mixture of) cyclic olefin(s) 

is converted to a linear unsaturated polymeric material under very mild conditions, i.e., any 

unsaturation associated with the monomer is conserved as it is converted to polymer. 

Consequently, the resulting polymers are comprised of repeat units that contain carbon-carbon 

double bonds. The particular features of ROMP among a wide variety of other polymerization 

techniques and its broad utility can primarily be attributed to two major points: First, the 

development of a broad spectrum of ROMP initiators, which exhibit a very high functional 

group tolerance, allowing the polymerization of a multitude of functionalized monomers also 

in functional, unconventional media, such as water or ionic liquids.
19

 Second, since this type 

of reaction represents a chain growth polymerization process, it is as such amenable to a 

living and well-controlled polymerization behavior under appropriate conditions, which 

potentially allows for the preparation of well-defined homopolymers or multiblock 

copolymers as well as for the precise attachment of functionalities to the polymer chains. Due 

to these attributes, ROMP has established itself as a tool for the synthesis of tailor-made 

polymer architectures.
20,21

 Note that it has found applications in industrial processes 

conducted on a larger scale as well, e.g., for the production of polynorbornene (Norsorex
®
), 

polyoctenamer (Vestenamer
®
), and polydicyclopentadiene (Telene

®
, Metton

®
) applying early 

non-functional-group-tolerant initiator systems consisting of a transition metal halide and an 

Al alkyl cocatalyst or even well-defined Ru alkylidenes for the latter case (poly-DCPD by 

Materia, Inc.).
22

 

1.1.1 Living Ring-Opening Metathesis Polymerization 

In general, polymerization reactions can be classified into chain and step growth reactions. 

Based on his work on anionic polymerizations, Szwarc introduced the term ‘living 

polymerization’ in 1956,
23

 which is defined as a chain growth polymerization that proceeds 

without chain-transfer and chain-termination reactions.
24

 In general, this requires that the 

polymerization active sites are permanently attached to the growing polymer chains and that 

they do not undergo any secondary reactions, e.g., with the solvent, the monomer, the 

resultant polymer, or other active sites. Thus, the active sites remain intact upon complete 

conversion of the initial monomer feed, i.e., polymerization continues upon addition of further 

monomer. Characteristically, since in such living systems all polymer chains grow with the 

same rate, the number average molecular weight Mn linearly increases with monomer 

conversion.
25

 If the rate of chain initiation ri is fast compared with the rate of chain 
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propagation rp (ri > rp), the number of kinetic chain carriers is essentially constant throughout 

the polymerization. As a consequence, under such ideal conditions living polymerizations 

allow for a precise control over the resultant molecular weight by the initial monomer to 

initiator ratio and can afford polymers of uniform length with very narrow molecular weight 

distributions approaching a polydispersity of Mw/Mn = 1. The molecular weight distribution 

thereby corresponds to a Poisson distribution and the polydispersity index is given by:
26

 

 
PDI =

𝑀𝑤

𝑀𝑛
= 1 +

1

𝐷𝑃𝑛
−  

1

𝐷𝑃𝑛
2

    ∶   
𝑀𝑤

𝑀𝑛
→ 1    for    𝐷𝑃𝑛 → ∞ (equation 1) 

 𝐷𝑃𝑛 = number average degree of polymerization 

Contrarily, polymerizations following a step growth mechanism, e.g., ADMET as a 

condensation-type polymerization, typically yield polymers with a polydispersity of 

Mw/Mn ≈ 2.0.
27,28

 Thus, since ROMP reactions follow a chain growth mechanism they 

consequently have the potential to proceed in a living fashion. The scheme as originally 

proposed by Chauvin up to now remains the generally accepted mechanism for olefin 

metathesis reactions.
29

 Based on this, a ROMP reaction is initiated (with a rate constant of 

polymer chain initiation ki) by coordination of a cyclic olefin to a transition metal alkylidene 

complex, subsequent [2+2]-cycloaddition to afford a four-membered metallacyclobutane 

intermediate, and cycloreversion of this strained intermediate, which restores a metal 

alkylidene complex (Figure 1.2a). During the propagation stage, these steps are repeated 

similarly (with a rate constant of chain propagation kp) to result in the formation of a 

prolonged polymer chain with a terminal-bound metal alkylidene complex. Complete and 

rapid initiation (ri/rp ≥ 1) of the alkylidene precursors thereby is an essential criterion for an 

ideal living ROMP (vide supra). Finally, upon complete monomer conversion, ROMP 

reactions are commonly quenched by the addition of a termination reagent in order to 

selectively remove the active metal alkylidene complex from the polymer chain end and 

simultaneously to introduce a defined polymer chain end functionalization (cf. Chapter 1.1.2). 

Note that ROMP is generally reversible and equilibrium-controlled, i.e., every reaction step 

can proceed in the opposite direction as well. As competitive reactions to this ROMP 

mechanism, other metathetical pathways (‘secondary metathesis’), such as intramolecular 

(‘backbiting’) and intermolecular chain transfer reactions, can occur (with a rate constant of 

secondary metathesis ks,intra and ks,inter, respectively), since the metal alkylidene complexes 

involved potentially can react with the olefin units within the growing polymer chains (Figure 

1.2b). This would either lead to the formation of a macrocycle and a polymerization-active 

polymer chain of reduced molecular weight in the former or transfer of the active metal 
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species to another polymer chain and the simultaneous release of an inactive polymer chain in 

the latter case. In both cases some of the polymer chains would be deactivated, which would 

contradict a living polymerization behavior and in turn would lead to broadening of the 

molecular weight distribution. Regarding a precise polymer chain end functionalization, these 

chain transfer reactions would yield a mixture of polymer chains with different degrees of 

chain end functionalization, i.e., non-, single-, or double-functionalized polymer chains (vide 

infra). Thus, secondary metathesis reactions generally are disadvantageous since they prohibit 

a living polymerization behavior and lead to a significant loss of control over the ROMP 

reaction. 

 

Figure 1.2:  (a) Accepted mechanism of a metal catalyzed ROMP reaction . (b) Generalized 

examples of intra- and intermolecular chain transfer reactions (‘secondary metathesis’),  which 

are not desired in living ROMP.  
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Therefore, main factors determining the molecular weights and molecular weight 

distributions of polymers derived from ROMP, apart from, e.g., the initial monomer to 

initiator ratio or the initiator stability under the polymerization conditions, in general are: 

First, the initiation efficiency, commonly expressed as the ratio of the initiation rate ri and the 

rate of propagation rp, and second the extent of secondary metathesis occurring during the 

ROMP reaction. For a ROMP reaction to proceed in a living and controlled fashion, the 

requirement is a complete and fast initiation step and the absence of competing chain transfer 

reactions (ri > rp ≫ rs), consequently yielding polymers with a narrow molecular weight 

distribution of typically PDI < 1.5 under such conditions.
30

 

Comparable to other ring-opening polymerization reactions, the main driving force for 

ROMP is provided by the release of strain associated with the cyclic olefin (‘ring strain’), 

which is necessary to balance the unfavorable entropy change during polymerization.
28,31

 

Hence, concerning suitable monomers for ROMP, highly strained cyclic olefins generally are 

favored. A range of cycloolefins, which typically possess a considerable ring strain of 

> 5 kcal mol
-1

, have been shown to be amenable to ROMP, such as cyclobutene 

(30.6 kcal mol
-1

), norbornene (27.2 kcal mol
-1

), cis-cyclooctene (7.4 kcal mol
-1

) and trans-

cyclooctene (16.7 kcal mol
-1

).
32

 In contrast, low-strained cyclohexene (2.5 kcal mol
-1

) is 

considerably less prone to polymerization via ROMP.
33

 The polymerizability of a given 

monomer is characterized by its critical monomer concentration [M]c, i.e., if the initial 

monomer concentration is less than [M]c, only low molecular weight cyclic and linear 

oligomers are formed. It has been shown that in the ROMP of cis-cyclooctene no polymers 

are formed below an initial monomer concentration of 0.21 M,
34

 and that [M]c is directly 

related to monomer ring strain.
35

 In general bicyclic olefins, e.g., norbornene or 

(functionalized) derivatives thereof are favored monomers for ROMP since, in addition to 

their typically high ring strain and the associated low critical monomer concentration, 

secondary metathesis in polymers generated from these monomers is limited by the steric 

hindrance of the olefin units within the polymer backbone. Thus, they provide access to 

polymers with a narrow molecular weight distribution as well as controllable molecular 

weights by living ROMP applying fast-initiating (ki/kp ≥ 1) initiators.
36,37

 In contrast, the 

living ROMP of monocyclic, unsubstituted olefins, such as cyclooctene or cyclobutene, is 

challenging since the resulting sterically unhindered polymer backbone is prone to chain 

transfer reactions. However, it has been demonstrated that under appropriate conditions where 

secondary metathesis is largely suppressed the living ROMP of such monocyclic alkenes is 

possible (vide infra). 
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Concerning suitable initiator systems, which are capable of promoting this reaction type in 

a living fashion, the development of well-defined transition metal alkylidene complexes was 

an essential key step. In principle, a wide range of transition metals (Ti, V, Nb, Ta, Cr, Mo, 

W, Re, Co, Ir, Ru, Os) can form metathesis-active initiator systems.
38

 Early systems generally 

were multi-component, heterogeneous mixtures of ill-defined structure, commonly consisting 

of various transition metal halides that were enhanced with strongly Lewis acidic Al alkyl 

cocatalysts, e.g., WCl6/EtAlCl2/EtOH,
39

 MoCl5/Et3Al,
40

 TiCl4/Et3Al,
41

 and RuCl3 in protic 

media.
42

 These systems suffered from several drawbacks, such as the formation of various 

(partially metathesis-inactive) transition metal species, unfavorable reaction kinetics, or 

pronounced chain transfer reactions, which altogether prohibited a controlled and living 

ROMP.
43

 Notably, due to their relatively easy and cheap accessibility such initiator systems 

are used in industrial processes, for instance for the production of ROMP polymers or linear 

higher olefins in the Shell higher olefin process (SHOP).
22

 Further developments resulted in 

the isolation of well-defined transition metal alkylidene complexes, which as such were found 

to be more capable of mediating living ROMP reactions. Among these, the well-defined 

tungsten-
44

 and more functional group tolerant molybdenum-based
45

 alkylidene complexes of 

the general structure [M(=CH-t-Bu)(=N-Ar)(OR)2] (M = W or Mo; Ar = 2,6-

diisopropylphenyl; R = bulky alkyl or aryl moiety) developed by R. R. Schrock et al., 

represent a prominent family of metathesis initiators. These systems are characterized by 

remarkable activities in ROMP reactions and at present even are the most active of the alkene 

metathesis catalysts known.
46

 Their ability to initiate the living ROMP of several classes of 

cyclic olefins, e.g., (functionalized) norbornenes
47,48

 or less strained and consequently more 

challenging cyclopentene,
49

 has already been demonstrated and enabled the synthesis of 

polymers with predictable molecular weights and very narrow molecular weight distributions 

(< 1.1).
50

 However, these early transition metal-based systems as such exhibit a limited 

tolerance toward polar functional groups, such as acids, alcohols, and aldehydes, limiting their 

applicability for ROMP with respect to, e.g., the choice of monomers or reaction media. In 

contrast, Ru as a late transition metal shows a significantly lower oxophilicity, which makes it 

considerably more stable towards a variety of functional groups and reagents (including 

oxygen and water). Thus, although generally less active than the W- and Mo-based catalysts, 

the development of Ru-based initiator systems represented a breakthrough, since their higher 

stability makes them attractive for general ROMP applications, allowing a range of 

functionalities to be present in the polymers, ranging from ionic to biologically active 

groups.
51,52

 Since the first report on a well-defined Ru carbene complex of the structure 
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[(PPh3)2Cl2Ru=CH-CH=CPh2] that initiated the ROMP of norbornene and exhibited a high 

stability in presence of protic solvents by R. H. Grubbs et al.,
53

 this class of initiators was 

continuously further developed and today a range of well-defined Ru-based initiator systems 

have been developed and even commercialized.
54

 Among these, the most prominent initiators 

are the Grubbs initiators of the 1
st
 (G I), 2

nd
 (G II), and 3

rd
 (G III) generation as well as the 

Hoveyda-Grubbs alkylidene complexes of the 1
st
 (HG I) and 2

nd
 generation (HG II) (Figure 

1.3a). 

 

Figure 1.3:  Prominent commercially available well -defined Ru-based alkylidene initiators (a) 

and common synthetic routes for their preparation (b).  

The Grubbs 1
st
 generation initiator G I is available via a two-step procedure involving the 

reaction of phenyldiazomethane with [Cl2Ru(PPh3)3] to produce the Ru benzylidene complex 

[(PPh3)2Cl2Ru=CHPh] and subsequent phosphine exchange with PCy3 (Figure 1.3b).
55

 This 

complex exhibits a distorted square pyramidal geometry with the alkylidene moiety in the 

apical site and a trans arrangement of the two phosphine ligands at the base of the square 

pyramid, which is a typical geometry for other metathesis-active complexes derived from G I 
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as well.
56

 The applicability of G I to initiate the living ROMP of a range of functionalized 

cyclobutenes and norbornenes has early been demonstrated,
57,58

 while ROMP of 

functionalized cyclooctenes applying neat G I essentially is not living, primarily due to facile 

chain transfer reactions (vide supra).
59

 Due to the relatively ease of ligand exchange, complex 

G I frequently serves as a starting material for the synthesis of other Ru-based alkylidene 

initiators. The exchange of one of the phosphine ligands with a strongly coordinating N-

heterocyclic carbene (NHC; H2IMes) ligand via reaction of G I with N,N’-dimesityl-4,5-

dihydroimidazol-2-ylidene formed in situ yields the very active Grubbs 2
nd

 generation 

initiator G II (Figure 1.3b).
60

 This initiator displays a higher ROMP activity than the first 

generation version by several orders of magnitude, approaching an activity comparable to the 

early transition metal-based Schrock systems.
61

 However, polymers prepared with G II 

commonly exhibit uncontrolled high molecular weights and broad polydispersities, which can 

be attributed to an unfavorable low ki/kp ratio coupled with competing chain transfer 

reactions. Thus, this Ru alkylidene has seen limited use as a ROMP initiator. By reaction of 

G II with weakly coordinating 3-bromopyridine, Grubbs 3
rd

 generation Ru alkylidene G III is 

readily available (Figure 1.3b).
62

 This type of initiator is characterized by an extremely high 

ROMP activity and an unprecedented fast initiation rate. Its capability to promote the living 

ROMP of various norbornene and 7-oxonorbornene derivatives has been demonstrated, 

yielding polymers with very narrow polydispersities of < 1.1.
63

 The Hoveyda-Grubbs 

initiators of the 1
st
 generation HG I

64
 and the 2

nd
 generation HG II

65,66
 bearing a chelating 

ortho-isopropoxybenzylidene moiety can be obtained by reaction of G I and G II with 2-

isopropoxystyrene, respectively (Figure 1.3b). Especially phosphine-free HG II displays an 

enhanced oxygen- and moisture-tolerance, compared to its phosphine-containing counterpart 

G II. However, generally a substantial drawback of these Ru alkylidenes bearing a bidentate 

alkoxybenzylidene ligand is their decreased initiation rate, typically yielding ROMP polymers 

with broadened polydispersities, which consequently often reduces their applicability if a 

living ROMP reaction is desirable.
67

 

The different reactivities of these various Ru alkylidene complexes depending on their 

ligand environment can be rationalized in view of the mechanism, by which they initiate a 

ROMP reaction. It has been demonstrated that precursors of the type [L2X2Ru=CHR] initiate 

ROMP and other metathesis reactions by dissociating one L-type ligand before entering the 

catalytic cycle, i.e., formation of a 14-valence electron Ru intermediate, which represents the 

propagating species, is a crucial step along the reaction coordinate.
68,69,70

 In the case of 

phosphine-containing Grubbs initiators G I and G II, this involves dissociation of bound 
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PCy3 with a first-order rate constant k1 (Figure 1.4a). Subsequent olefin coordination to the 

resultant 14-electron intermediate (with a rate constant k2) continuous the catalytic cycle, 

whereas rebinding of phosphine (with a rate constant k-1) regenerates the starting resting state. 

The initiation rates of these phosphane-containing initiators are independent of the olefin 

concentration, i.e., the initial dissociation of the phosphane ligand is the rate-limiting step. 

The initiator activity consequently is related to both the phosphine dissociation rate k1 

(initiation) as well as to the k-1/k2 ratio which determines whether the propagating species 

binds olefin (propagation) or returns to its resting state. Thus, the differences in reactivity 

between the various Ru-based initiators depend on their rates of initiation and rebinding of L, 

which can both be tuned by the nature of the ligands (L, X, and R).
71

 

 

Figure 1.4:  (a) Proposed dissociative initiation mechanism of phosphine-containing Grubbs-

type initiators. (b) ROMP reaction promoted by G I in the presence of additional phosphine 

(specifically phosphines more labile than PCy 3). 

Based on this mechanistic understanding, the generally higher tendency of G I compared 

to its 2
nd

 generation analog G II to promote a ROMP reaction in a living fashion can be 

rationalized. Despite the significantly more electron donating character of the NHC ligand in 

G II relative to PCy3 in G I, suggesting increased phosphine exchange rates due to an 

increased ability to promote this critical phosphine dissociation step (increasing k1),
72

 it has 

been shown that phosphine dissociation from G II is two orders of magnitude slower than 

from G I.
70

 The k-1/k2 ratio of G II was determined to be four orders of magnitude lower than 

that of G I, i.e., coordination of π-acidic olefinic substrates in the presence of σ-donating free 

phosphine is strongly preferred in the case of G II due to the increased donor strength of the 

NHC ligand in comparison to PCy3. Consequently, G II does not initiate (lose phosphine) 
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efficiently, while propagation is very fast, leading to an unfavorable low ki/kp ratio in 

comparison to G I which initiates relatively rapidly and where the rebinding of phosphine is 

competitive with olefin coordination (decreasing kp). Altogether, this results in a significantly 

higher net initiation efficiency. The initiation efficiency of G I and consequently the ability to 

promote a living ROMP reaction can further be enhanced by the addition of phosphines more 

labile than PCy3, such as PPh3, during the ROMP reaction.
73

 As phosphine exchange is 

relatively fast, a mixed phosphine complex containing the comparatively labile phosphine (A) 

forms in situ prior to initiation (Figure 1.4b). This Ru alkylidene exhibits improved initiation 

characteristics (higher ki) than initial G I due to the greater ability of PCy3 to increase lability 

of the less basic phosphine ligand, affording relatively increased rates of phosphine 

dissociation. Additionally, the excess phosphine competes with monomer for the propagating 

species (B) to yield a dormant species (C), which in turn decreases the polymerization rate, 

i.e., the concentration of the active species is kept low, similar to a controlled free radical 

polymerization.
74

 It has been demonstrated that the resulting higher ri/rp (and consequently 

ki/kp) ratio, thus, allows for the living polymerization of various norbornene derivatives to 

yield polymers with PDIs as low as 1.04.
73

 Even the living polymerization of trans-

cyclooctene, which is difficult to achieve due to significant chain transfer reactions (vide 

supra), has been enabled by the addition of a large excess of PPh3 (~ 60 eq relative to G I).
75

 

In this case it has been shown that the additional PPh3 efficiently suppresses secondary 

metathesis and has a greater effect on the rs than on the rp. In this regard, the reaction solvent 

also has a significant influence on the ROMP kinetics, e.g., changing the solvent to a more 

coordinating one, such as THF, has been shown to lead to a higher initiation efficiency and to 

limited secondary metathesis.
71,73,76 

The typically much higher activities and faster initiation 

rates of G III, in comparison to G I and G II, can be understood by the labile nature of the 

weakly-coordinating pyridine ligands, leading to increased dissociation rates. 

The initiation mechanism of the Hoveyda-Grubbs-type Ru alkylidenes bearing a bidentate 

benzylidene ether ligand is less well understood than those of the Grubbs-type initiators. 

While it was first suggested that initiation of these complexes, similar to the Grubbs-type 

systems, follows a dissociative (D) mechanism,
77

 where dissociation of the benzylidene ether 

chelating group yields a 14-electron intermediate, an associative (A) mechanism based on 

negative activation entropies was proposed later on (Figure 1.5).
78

 A more reliable 

mechanism, however, has been shown to be an interchange (I) mechanism with associative 

character, where initiation proceeds by the formation of a complex in which the incoming 

olefin and outgoing alkoxybenzylidene ligand are both clearly associated with the Ru center. 
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This was based on experimental evidence for the participation of the incoming olefin and the 

outgoing ether unit in the rate-limiting step
79

 as well as on theoretical calculations.
80

 Recently 

more detailed studies suggested a dual mechanism for precatalyst initiation simultaneously 

following two parallel pathways: a dissociative (D) mechanism and an interchange 

mechanism with associative mode of activation (Ia), the preference for one of these possible 

modes depending on the steric and electronic properties of the Ru alkylidene and the olefin 

employed.
81,82

 

 

Figure 1.5:  Reaction scheme and potential intermediates in the initiation reaction of Hoveyda -

Grubbs-type initiators via associative (A), interchange (I), and dissociative (D) pathway.  

Hence, with respect to the applicability of these Hoveyda-Grubbs-type alkylidenes for 

living ROMP, their often unfavorable low initiation rates can be increased by weakening the 

chelating bond, which results in a faster dissociation of the isopropoxy fragment. This can 

either be achieved by increasing the steric bulk around the ether moiety via substitution of the 

alkoxybenzylidene ligand with sterically demanding groups ortho to the isopropoxy group, 

e.g., with a BINOL- or phenyl-substituent,
83

 or by introduction of a para-electron-

withdrawing substituent, such as a nitro-group,
84,85

 which decreases the basicity of the ether 

group.
86

 In all these cases, the substituents only affect initiation, since after the first turnover 

the nature of the active species is identical. 
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1.1.2 Defined Polymer Functionalization via ROMP 

A specific introduction of functional groups at a polymer chains’ ends is desirable in 

various instances. For example, in elastomers an elimination of loose chain ends is thought to 

improve their properties. As an example related to this work, a precisely functionalized 

polymer bearing a single fluorescent dye molecule at the polymer chain end can provide 

information about polymer diffusion processes.
87

 Noteworthy, beside the simple attachment 

of a desired moiety to the polymer chain, the defined introduction of functional chain end 

groups is also of interest for the generation of precise block copolymers.
88

 Although ROMP 

potentially allows for the generation of block copolymers, due to its living nature under 

appropriate conditions, the accessible block copolymer compositions are restricted by the 

limitation of effective monomers that can be employed in living ROMP (cf. Chapter 1.1.1). 

However, combining different living polymerization techniques could greatly expand the 

diversity of accessible block copolymers. Thus, precise end functionalization of a ROMP-

derived polymer with a group which facilitates further polymerization by means of another 

living polymerization method is attractive for the preparation of otherwise inaccessible block 

copolymers. 

Considering the general mechanism of a ROMP reaction, a defined polymer chain end 

functionalization potentially can be realized during different stages of the reaction, that is, 

(i) by initiating the ROMP with a carbene-functionalized metal alkylidene complex, 

(ii) during the polymerization step either by polymerizing a second monomer onto a first 

polymer block and subsequent degradation of the second block which leaves a functional 

group at the end of the first polymer chain (‘sacrificial synthesis’) or by applying an acyclic 

chain transfer agent, and (iii) by addition of a termination reagent at the end of the 

polymerization (Figure 1.6).
89

 

 

Figure 1.6:  General approaches for a precise polymer chain end functionalization during the 

different stages of a ROMP reaction . 

Among these various possibilities, the introduction of a functional chain end group by 

applying a ROMP initiator that bears the desired functionality at the carbene-carbon seems to 

be the most reliable approach, since every initiated chain will necessarily bear the functional 

group (Figure 1.7a). However, as a prerequisite for the precise placement of exactly one 
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functional end group on every polymer chain via this approach, secondary metathesis 

reactions, such as intra- or intermolecular chain transfer, have to be inhibited effectively. In 

contrast, the introduction of a chain end functionalization during the polymerization or 

termination step is less economical since in both instances typically an excess of the required 

reagent is added in order to ensure high degrees of functionalization. Additionally, incomplete 

conversions or side reactions, such as partial or premature termination, reduce the degree of 

functionalization, while applying a carbene-functionalized initiator inevitably installs the 

desired motif at every polymer chain end. 

 

Figure 1.7:  (a) General approach for the introduction of a functional chain end group (FG) by 

applying a carbene-functionalized ROMP initiator . (b) Common synthetic routes toward 

functionalized Ru alkylidene complexes.  

A main feature of this functionalization strategy is the possibility to directly introduce any 

desired challenging chain end functionalization during the stage of initiation, thus, avoiding 

additional post-polymerization steps. This is essential if further reaction of the resultant 

polymer is hampered, e.g., if the polymerization is conducted in disperse systems in order to 

generate particles, where post-polymerization reactions of the resultant polymer particles can 

be expected to result in comparably low degrees of functionalization. In terms of economic 

aspects, the high initiation efficiency of many ROMP initiators under appropriate conditions 

renders this approach very economical, while all the other methods commonly require 

addition of a large access of the respective reagent. A drawback of this approach, however, is 

the need for the design of tailor-made transition metal alkylidenes, involving (multiple) 

organometallic transformations, limiting its general applicability. Owing to their commonly 

high reactivity towards many functional groups, only very few functional ROMP initiators 

based on early transition metals have been synthesized. In contrast, due to the stability of 

Grubbs-type Ru alkylidenes toward many functional reagents, various functionalized Ru-

based ROMP initiators have been developed. Such complexes are accessible by two main 
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synthetic routes. First, they can be obtained by reaction of a precursor complex [Cl2Ru(PR3)3] 

with the respective functionalized diazoalkane (Figure 1.7b, left pathway).
90

 This method has 

been used, e.g., for the generation of an acetate functionalized G I analogous ROMP initiator 

that effectively placed an acetoxy group on one terminus of the polymer chain
91

 or for the 

synthesis of a difunctional complex that incorporates both a ROMP and an atom transfer 

radical polymerization (ATRP) initiator by carbene-functionalization of G I with the 

respective ATRP initiating moiety.
92

 An alternative synthetic approach involves an alkylidene 

exchange reaction via cross metathesis of a commercially available Ru alkylidene complex 

with a functionalized olefin, which is probably more generally applicable than the first route 

(Figure 1.7b, right pathway). The synthesis of various carbene-substituted G I analogous 

ROMP initiators bearing manifold functionalities has been reported via this route, e.g., 

hydrophilic benzylidene-functionalized initiators for ROMP in aqueous media,
93

 

macroinitiators bearing preformed polymers for the preparation of diblock copolymers,
94

 

fluorescence-labeled ROMP initiators,
95

 and initiators bearing a molecular recognition unit for 

the synthesis of polymers that are chain end functionalized with specific binding motifs which 

have been further used for the generation of self-assembled block copolymers.
96

 Other Ru-

based initiators, such as Hoveyda-Grubbs-type alkylidene complexes, can be functionalized in 

the same fashion.
85

 

 

Figure 1.8:  General approaches for the introduction of functional chain end groups (FG) 

during the stage of polymerization via (a)  sacrificial synthesis and (b)  applying a chain-

transfer agent.  

The potential of ROMP to afford block copolymers under appropriate conditions provides 

the possibility to achieve a chain end functionalization during the stage of polymerization by 
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so-called sacrificial synthesis (Figure 1.8a). In this approach, an additional block of a 

cleavable (‘sacrificial’) monomer is polymerized onto the targeted first polymer block. 

Subsequent destruction of the second block by addition of a suitable reagent releases the 

functional chain end group. The degree of functionalization is primarily given by the degree 

of initiation of the sacrificial block, since further reaction with an additional cleavable 

monomer unit has no influence on the degree of functionalization as it is removed later on 

anyway, i.e., commonly a large excess of the sacrificial monomer is applied in order to ensure 

complete initiation and consequently to achieve high degrees of functionalization. 

Noteworthy, a living character of the ROMP is essential for this approach since any 

termination or chain transfer reaction decreases the resultant degree of functionalization.This 

route is applicable for the introduction of highly reactive functional groups, which can be 

protected in such a way that cyclic monomers are formed. Thus, the most common sacrificial 

monomers applied are 1,3-dioxepines that contain acetal groups, i.e., the resulting block 

incorporates the acetal groups into its backbone.
97,98

 Subsequent cleavage of these acetals 

under acidic conditions leaves a residual hydroxyl group at the chain end of the target 

polymer. These terminal alcohols can be converted into more complex functional end groups 

by means of established reactions, e.g., upon esterification of the hydroxyl group with 

propargylic acid, block copolymers have been formed using the Huisgen-type azide-alkyne 

click reaction.
99

 Regarding the functionalization efficiency, it has been demonstrated that the 

substituents on the dioxepine have a significant influence (phenyl > isopropyl > methyl) and 

that addition of PPh3 resulted in an unfavorable lower ki/kp ratio for the macroinitiation than 

in the absence of PPh3.
100

 Thiol end groups have been introduced in the same fashion by 

applying a dithiepine monomer and subsequent cleavage via hydrogenation with Raney 

nickel.
101

 Amine end functionalized ROMP polymers have been prepared via block 

copolymerization with a phosphoramide sacrificial monomer and subsequent acidic 

hydrolysis.
102

 A disadvantage of this sacrificial synthesis approach, however, is that a direct 

attachment of more complex functional moieties, e.g., small tracers or biomolecules, is not 

possible via this route, since in general it is limited to the introduction of reactive sites and 

consequently requires multiple post-polymerization steps for the attachment of the desired 

functionality. 

A different approach to achieve end functionalization of ROMP-derived polymers during 

the stage of polymerization is based on the addition of a chain transfer agent, which yields a 

telechelic polymer, i.e., a di-end-functional polymer where both chain termini bear the 

identical functionality.
103

 For this purpose, a functionalized acyclic olefin is added during the 
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polymerization, which undergoes cross-metathesis with the active chain end, such that the 

polymer chain is cleaved off the metal center and the resultant newly formed alkylidene 

initiates a new polymer chain (Figure 1.8b). The cross-metathesis reaction of the chain-

transfer agent with the double bonds within the polymer backbone leads to an equilibrium in 

which the average molecular weight is determined by the initial stoichiometry of the 

monomer and chain-transfer agent. Thus, this approach typically yields polymers with broader 

molecular weight distributions with polydispersities of ~2.
104

 Different functional end groups 

have been introduced via this method, such as hydroxyl groups
105,106

 or amino and carboxylic 

acid groups.
107

 However, this route is not applicable in the cases in which full control over 

molecular weights and the exclusive introduction of only one functional chain end group is 

desirable and importantly cannot afford end functionalized block copolymers. 

 

Figure 1.9:  Termination routes for Ru-initiated ROMP.  

The addition of a termination reagent, which transfers a functional group onto every 

polymer chain still containing an active site, at the end of a ROMP reaction provides another 

possibility to obtain chain end functionalized polymers. However, the degree of 

functionalization thereby strongly depends on the stability and life-time of the active species 

under the conditions applied as well as on the reactivity of the termination reagent. Due to 

their typically high reactivity towards many functional groups, this approach is applicable for 
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the functionalization of ROMP polymers derived from early transition metal-based initiator 

systems, such as the Schrock-type W- and Mo-based alkylidenes. They readily react with 

aldehydes in a Wittig-like reaction which can be exploited to transfer a functional group 

attached to the aldehyde to the polymer chain.
50

 In contrast, this functionalization strategy is 

much more challenging in the case of the Grubbs-type Ru-based alkylidene complexes, which 

were deliberately designed to exhibit a high functional group tolerance. Thus, since they only 

are particularly reactive towards olefins, intended deactivation typically involves a metathesis 

reaction to form a metathesis-inactive carbene complex. The most common termination 

method for the introduction of functional groups at the chain end of Ru-initiated ROMP 

polymers is the addition of a substituted vinyl ether (Figure 1.9, pathway a). During the 

reaction with the Ru alkylidene, the functional group attached to the vinyl ether is installed at 

the polymer chain end, while the cleaved-off electronically-deactivated Fischer-type carbene 

complex of the general form [(L)xRu=CHOR] does not undergo further olefin metathesis 

reactions to a significant extent. Noteworthy, due to these attributes ethyl vinyl ether is the 

standard quenching reagent to deliberately terminate Ru alkylidene initiated ROMP reactions, 

since it installs a methylene unit as polymer chain end group and cleanly removes the active 

Ru alkylidene from the polymer. A broad spectrum of different chain end functionalities has 

been introduced by applying functionalized vinyl ethers, such as (protected) carboxylic acid, 

ketone, amine, and azide groups, which were further used for the attachment of more complex 

moieties, e.g., fluorescent reporter molecules.
108,109,110

 The direct attachment of such complex 

structures has also been demonstrated, for instance a biotin-functionalized vinyl ether has 

been applied for the direct introduction of this biologically active molecule as a polymer chain 

end group.
111

 Vinyl lactones have been used as end-capping reagents for the direct polymer 

chain end functionalization with functional reactive groups without the necessity for further 

chemical transformation steps, such as deprotection (Figure 1.9, pathway b).
112

 Termination 

with vinylene carbonate and 3H-furanone, respectively, results in the polymer chain end 

functionalization with an aldehyde in the former and a carboxylic acid group in the latter case. 

The key step thereby is the decomposition of the intermediately formed acyl carbenes to the 

corresponding carboxylic acid and a Ru-carbido complex which is metathesis-inactive. Due to 

this unique decomposition reaction to a non-carbene complex, this method represents one of 

the very few true deactivation reactions involving olefins for the Ru-initiated ROMP.
89

 

Beside these possibilities to achieve a chain end functionalization via termination 

discussed so far, there are some other approaches which, however, have only limited 

applicability. The cross-metathesis reaction with functionalized acyclic olefins can be used to 
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induce a functionalization at the polymer chain end (Figure 1.9, pathway c). For instance, the 

addition of acrylates upon complete monomer consumption can afford carboxylic acid chain 

end functionalized polymers.
113

 However, commonly the degrees of functionalization are 

rather low and this approach is limited to sterically demanding polymers in order to avoid 

intra- and intermolecular cross metathesis reactions. Aldehyde end-capped ROMP polymers 

can be obtained by termination with molecular oxygen (Figure 1.9, pathway d).
114

 This 

reaction, however, is very slow and typically requires reaction times of ~24 h, which 

drastically limits the scope of this method. 

In conclusion, various approaches have been developed for the precise introduction of a 

desired functional polymer chain end group via ROMP, ranging from various reactive motifs 

(e.g., -OH, -NH2, -CHO, -COOH, -N3), which facilitate the attachment of more complex 

groups by post-polymerization conversions, to the direct introduction of very complex 

moieties, such as tracers, biomolecules, or molecular recognition units. By combining 

different approaches, the generation of well-defined heterotelechelic polymers bearing 

different functional groups on both their chain termini is possible.
115

 This significantly 

expands the toolbox for macromolecular engineering and further extends the applicability of 

ROMP for the synthesis of complex polymeric architectures. 

1.1.3 ROMP in Aqueous Systems 

In the field of polymer chemistry water is of particular interest as a reaction medium since 

polymerization in aqueous emulsion or suspension provides access to polymer latices, i.e., 

stable aqueous dispersions of polymer particles with a size of typically 50 – 1000 nm, which 

are of interest from various perspectives. Traditionally, aqueous polymerizations are carried 

out by noncatalytic free-radical routes, which today are applied industrially on a large scale.
116

 

However, catalytic polymerizations by transition metal complexes in aqueous environments 

have become of increasing interest since they offer access to polymer microstructures which 

cannot be generated by means of any free-radical technique. This applies especially to ROMP 

with its potential to afford complex (functional) polymeric architectures. Thus, regarding an 

access to well-defined, tailor-made polymer particles, aqueous ROMP lends itself for their 

synthesis due to the attributes typically related to a ROMP reaction. 

While ROMP in aqueous media applying early transition metal based initiators is 

significantly hampered due to their low moisture stability, it was recognized early that Ru-

based initiator systems effectively catalyze ROMP reactions in the presence of water as well 

as other protic media, making ROMP a promising candidate for the generation of novel 
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polymeric (nano)particulate structures. The advances in catalytic aqueous polymerization and 

aqueous olefin metathesis have recently been reviewed comprehensively.
117,118

 Early studies 

of aqueous ROMP employed Ru-based in situ systems, such as RuCl3 or [Ru(OH2)6](OTs)2 

(OTs = toluene-4-sulfonate).
119,120

 The well-defined Grubbs- as well as Hoveyda-Grubbs-type 

Ru carbene complexes isolated later on similarly exhibit a high stability in aqueous 

environments, enabling their use for aqueous ROMP. Due to their water-insolubility, aqueous 

polymerizations applying these hydrophobic initiators are typically conducted under emulsion 

conditions, thus, representing heterogeneous multiphase systems. It has been demonstrated 

that the well-defined initiator G I initiates the living ROMP of functionalized norbornenes 

and 7-oxanorbornenes in aqueous media, even enabling the efficient generation of block 

copolymers.
121

 The polymerizations were conducted in the presence of a cationic surfactant to 

yield polymer latices. Noteworthy, this report represented the first example of a living 

polymerization occurring entirely in the presence of water by any mechanism. The identical 

initiator was used for the synthesis of biologically active neoglycopolymers under aqueous 

emulsion conditions via ROMP of water soluble carbohydrate-functionalized monomers.
122

 

The Hoveyda-Grubbs 2
nd

 generation type initiator HG II has been used in the ROMP of a 

hydrophilic norbornene derivative in aqueous micellar solution.
123

 A significantly better 

control over resultant polymer molecular weights was obtained under these conditions 

compared to the identical reaction conducted in homogenous organic solution, which has been 

attributed to a more efficient initiation step in the presence of the micelles. A series of well-

defined water soluble Ru alkylidene initiators have been reported by chemical modification of 

their ligands. Such hydrophilic ROMP initiators can be used to conduct the ROMP of water 

soluble monomers in homogeneous aqueous solution, which is of interest for the preparation 

of water soluble polymers, e.g., neoglycopolymers. In the case of Grubbs 1
st
 generation 

initiator G I water solubility is typically induced by substitution of the PCy3 ligands with 

hydrophilic phosphines.
124

 Such hydrophilic G I analogous alkylidenes bearing cationically 

functionalized phosphine ligands have been shown to initiate the living ROMP of a variety of 

functionalized 7-oxanorbornenes in homogenous aqueous solution in the absence of surfactant 

or organic solvents.
125,126

 ROMP of hydrophobic, water-immiscible monomers applying such 

hydrophilic initiators is commonly conducted in aqueous emulsion via addition of a 

surfactant. Water soluble Ru alkylidenes of the form [(PCy2(C5H10NMe2Cl))2Cl2Ru=CHPh] 

or [(TPPTS)2Cl2Ru=CHCOOEt] have been used for the ROMP of norbornene in emulsion to 

afford stable latices with particle sizes in the range of 50 – 100 nm.
127

 A water soluble highly 

active G II analogous Ru alkylidene has been obtained by attaching poly(ethylene glycol) to 
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the NHC ligand and the ROMP of hydrophilic monomers in homogenous aqueous solution 

has been demonstrated with this initiator.
128

 

While all these studies clearly demonstrate the applicability of ROMP in aqueous 

environments applying functional group tolerant Ru alkylidene complexes, little focus has 

been put on exploiting this feature for the generation of well-defined polymer (nano)particles. 

Thus, in most reports where the polymerization has been conducted under emulsion 

conditions to afford polymer latices, little detail is given about the colloidal characteristics of 

the resultant particles, such as particle sizes and polydispersities. A handful of more recent 

studies addressed the design of defined latex particles by aqueous ROMP. Stable particles 

exhibiting a size ranging from 220 to 520 nm composed of polynorbornene have been 

obtained via ROMP in aqueous miniemulsion initiated by an ill-defined water soluble system 

(RuCl3 • xH2O in alcohol).
129

 With the hydrophobic well-defined initiator G I the 

miniemulsion polymerization resulted in the formation of large and poorly stabilized particles. 

Applying water soluble G I analogous initiator systems in aqueous miniemulsion ROMP of 

norbornene, stable particles with a size of 200 – 250 nm could be obtained.
130

 The 

simultaneous ROMP of norbornene and ATRP of methyl methacrylate, both mediated by a 

single water soluble Ru macrocatalyst, under aqueous miniemulsion conditions, afforded 

well-defined bicompartmentalized particles with an average hydrodynamic diameter of 

~200 nm.
131

 Regarding an access to polymer nanoparticles in the challenging size regime of 

< 50 nm, a very high degree of dispersion of the initial reaction mixture is required. A general 

route to such very small polymer particles has been reported by conducting the 

polymerization in aqueous microemulsion, applying conventional lipophilic late transition 

metal complexes. A microemulsion is a highly disperse, thermodynamically stable mixture of 

at least two immiscible liquids and a surfactant, which exists in a certain range of 

compositions, i.e., phase separation does not occur even after a prolonged period of time.
132133

 

Such microemulsions form spontaneously without the need for high shear forces which are 

commonly applied, for instance, in the formation of miniemulsions. Common surfactant 

contents are in the range of 5 – 15 % and frequently a short-chain alcohol is added as a 

‘cosurfactant’. Due to their very small droplet size, such microemulsions appear completely 

transparent. ROMP in aqueous microemulsion, applying hydrophobic initiators and 

monomers, has been achieved by preparing two separate microemulsions of the initiator 

(dissolved in an organic solvent) and the monomer, respectively. Upon mixing both 

microemulsions, the monomer progressively diffuses into the initiator droplets (and vice 

versa) and ROMP occurs in the very small droplets. Thus, the key to this approach is the 
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highly dynamic nature of microemulsions. Following this approach, stable polymer latices 

with particle sizes as low as ~20 nm have been prepared via ROMP of norbornene, 

cyclooctadiene, and cyclooctene applying initiators G I and G II.
134

 

In conclusion, due to extensive developments in the last decades ROMP can efficiently be 

conducted in aqueous media, which is of interest from various perspectives. Concerning an 

access to well-defined polymer nanoparticles, aqueous ROMP offers the possibility for a 

tailored generation of such particles, due to the features typically provided by a ROMP 

reaction. 

1.2 Polyethylene Nanocrystals 

The early industrial synthesis of PE, which is employed since the 1930s, is based on free 

radical polymerization of ethylene at high temperature (> 150 °C) and pressure (> 1,000 bar) 

and produces branched low density polyethylene (LDPE) with a relatively low crystallinity 

due to considerable radical transfer under these harsh conditions.
135

 Extensive developments 

in the field of olefin polymerization, initiated by Ziegler’s discovery of metal-catalyzed olefin 

polymerizations in the mid-1950s,
11

 enabled the synthesis of PE under significantly milder 

conditions by coordination insertion polymerization of ethylene applying early transition 

metal d
0
 catalysts.

136
 Nowadays, high density polyethylene (HDPE), exhibiting a nearly linear 

structure and consequently a high crystallinity, as well as linear low density polyethylene 

(LLDPE), which is generated by copolymerization of ethylene with 1-alkenes, are produced 

industrially on a large scale via the Ti-based Ziegler-Natta or the Cr-based Phillips (only 

HDPE) catalysts. However, although PE has been a widely used and well-studied material for 

decades, aqueous dispersions of well-defined PE nanoparticles have become accessible only 

very recently based on the development of suitable synthetic approaches. These colloidal PE 

nanoparticles are of interest from various perspectives: First, they are useful for fundamental 

studies of polymer crystallization, such as chain folding. Second, the inherent 

semicrystallinity of PE features the possibility to control the nanoparticle shape, which 

provides access to anisotropic PE nanoparticles that can be used potentially as mesoscopic 

building blocks. Due to this semicrystalline nature of PE, dispersed PE particles consisting of 

a single crystalline lamella with a nanoscopic extension also in the lateral dimension are often 

referred to as ‘nanocrystals’. While a broad spectrum of shapes has been realized for 

inorganic nanoparticles, non-spherical nanoparticles composed of an organic material are 

scarce. An approach commonly used for the shape-controlled synthesis of anisotropic organic 

nanoparticles is the post-treatment of as-obtained spherical particles to generate non-spherical 
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features, e.g., by means of mechanical deformation of polymeric particles
137,138

 or anisotropic 

removal of material via lithography techniques.
139140

 Besides, self-assembly of (amphiphilic) 

block copolymers can form colloidal non-spherical micelles, which, if required, may then be 

stabilized, e.g., by cross-linking, to yield static anisotropic nanostructures.
141

 However, 

exploiting polymer crystallization in compartmented systems for the generation of anisotropic 

organic building blocks represents a potentially much more efficient and convenient route. 

1.2.1 Insertion Polymerization 

Nanoparticles of high molecular weight PE in the low to very low density range with a 

size of 30 – 110 nm have been obtained by free radical polymerization of ethylene in aqueous 

emulsion under relatively mild conditions (70 °C, 50 – 250 bar).
142

 However, such an 

approach based on free radical polymerization provides only a limited control over the 

resulting polymer microstructure. In comparison, catalytic polymerizations potentially offer a 

significantly higher control over the resultant polymer architecture. Concerning an access to 

PE nanocrystals via catalytic insertion polymerization, application of the industrially used 

early transition metal-based catalyst systems in aqueous medium is prohibited by their high 

oxophilicity. In contrast, late transition metal complexes based on palladium, nickel, and 

ruthenium are much less oxophilic, do not require aluminium alkyls for activation, and 

tolerate polar groups. However, such late transition metal alkyl complexes are much more 

prone to chain termination via -hydride elimination and consequently tend to the formation 

of dimers or low-molecular-weight oligomers upon reaction with ethylene, which, for 

instance, is exploited in the SHOP process to oligomerize ethylene to higher -olefins.
143

 

Nevertheless, late transition metal catalyst systems, especially based either on neutral Ni(II) 

complexes
144

 of formally monoanionic bidentate ligands or on cationic Pd complexes
145

 of 

neutral multidentate ligands with bulky substituted N donor atoms, have been developed 

which yield high molecular weight PE under moderate conditions in organic solvents. In 

comparison to early transition metal catalysts, a specific characteristic of such late transition 

metal catalysts, and amongst those especially of cationic Pd(II) complexes, is their 

pronounced ability for ‘chain walking’, i.e. repeated -hydride elimination and reinsertion 

into the metal hydride species, which results in the formation of various types of branches in 

the PE chain formed.
146

 This in turn significantly affects polymer crystallization. It has been 

shown that (2
-N,N)-diimine Pd(II) complex I (Figure 1.10a) polymerizes ethylene to high 

molecular weight, highly branched PE in aqueous suspension.
147

 With 

(2
-P,O)-phosphinoenolato Ni(II) complexes, such as II, aqueous PE latices of low molecular 
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weight linear PE were obtained via polymerization of ethylene in aqueous emulsion. For this 

purpose, two main approaches have been followed, that is, either employing water soluble 

complexes,
147,148

 in analogy to traditional free-radical polymerization, or by using a lipophilic 

catalyst precursor in an aqueous emulsion process.
149

 By applying an in situ catalyst in an 

aqueous miniemulsion polymerization of ethylene, stable dispersions of linear PE were 

obtained.
150

 The submicron PE nanoparticles obtained in this way were semicrystalline and 

mainly consisted of stacks of several crystalline lamellae separated by amorphous regions.
151

 

Catalytic polymerization of ethylene applying an ill-defined in situ prepared Ni(II) 

phosphinoenolate complex in aqueous microemulsion yielded colloidally stable PE latices 

with particle sizes as low as 11 nm.
134

 Aqueous dispersions of extraordinarily small PE 

nanoparticles with a diameter of < 20 nm consisting of linear low molecular weight PE were 

obtained by applying a similar water soluble ill-defined in situ prepared catalyst (presumably 

with a (2
-P,O)-phosphanylphenolate Ni(II) complex as active species).

152
 

 

Figure 1.10:  (a) Structures of (2
-N,N)-diimine Pd(II) (I), (2

-P,O)-phosphinoenolato Ni(II) 

(II),  and (2
-N,O)-salicylaldiminato Ni(II) ( III and  IV) complexes, which have been used in 

aqueous ethylene polymerizations . (b) Particle formation by catalytic polymerization in an 

aqueous system employing a water soluble catalyst precursor.  

While these phosphinoenolato Ni(II) complexes typically yield low molecular weight 

(< 10
4
 g mol

-1
) PE in water, (2

-N,O)-salicylaldiminato Ni(II) complexes, such as III and IV, 

offer access to PE with significantly higher molecular weights. A lipophilic salicylaldiminato 
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Ni(II) complex (analogous to III but with isopropyl groups on the N-aryl moiety instead of 

CF3-substituted phenyls; L = pyridine) was employed in an aqueous miniemulsion 

polymerization of ethylene to afford aqueous high molecular mass (> 10
5
 g mol

-1
) PE latices 

exhibiting a rugged particle shape with particle sizes in the range of 90 - 350 nm.
153

 It was 

demonstrated that the substitution pattern of these very active and robust neutral 

salicylaldiminato Ni(II) complexes has a significant effect on catalytic activities, resultant 

polymer branching, and thus crystallinity, and on polymer molecular weights. Introduction of 

electron-withdrawing substituents in the ortho or para position of the O donor substantially 

increases catalytic activities.
154

 Despite their remoteness from the active sites, the electronic 

properties of the aryl groups in the C2 and C6 position of the aniline aryl ring have been 

shown to exhibit a strong effect on polymer branching and molecular weight, i.e., decreasing 

polymer molecular weights and increasing branching with a decreasing electron-withdrawing 

character has been observed.
155,156

 

Corresponding water soluble catalysts have been developed for mainly two reasons: First, 

the absence of water-immiscible organic solvents greatly simplifies the system in terms of the 

initial reaction mixture (single aqueous phase) as well as the resultant dispersed particles (no 

swelling with solvent). Second, concerning resulting particle sizes, an aqueous solution of a 

hydrophilic catalyst certainly represents the highest possible degree of initial dispersion and 

consequently was of interest for the synthesis of unprecedentedly small particles. 

(2
-N,O)-Salicylaldiminato Ni(II)-methyl complexes were rendered water soluble by the 

introduction of highly hydrophilic labile ligands, such as TPPTS [tri(sodiumphenylsulfonate)-

phosphine] or H2N-PEG [H2N(CH2CH2O)nMe; n ~ 52], e.g., displacement of pyridine in 

complex III-pyridine by TPPTS afforded water soluble III-TPPTS.
157

 Stable PE nanoparticle 

dispersions with high PE molecular weights of typically Mw ≥ 10
5
 g mol

-1
 (Mw/Mn ≥ 2.0) and 

very small particle sizes of < 10 nm as determined by DLS were obtained upon exposure of 

an aqueous surfactant (SDS) solution of these water soluble complexes, such as III-TPPTS, to 

40 bar ethylene at relatively low temperature of 15 °C, which was found to be necessary to 

avoid deactivation and to achieve high productivities and molecular weights. Under such 

conditions, where catalyst deactivation is retarded, the activity in water has been shown to be 

higher than that in toluene, which was attributed to effective scavenging of the hydrophilic 

labile ligand by solvation in water. Interestingly, it has been shown that under NMR 

conditions deactivation of these catalysts via reaction with water only occurs to a minor 

extent, while the bimolecular elimination of alkane from reaction of Ni(II)-alkyl species with 
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Ni(II)-hydride, which are both intermediates of the catalytic cycle, is the most prominent 

deactivation pathway.
158

 

Concerning the mechanism by which these particles are formed, it was suggested that 

upon activation for polymerization the previously water soluble catalyst becomes lipophilic 

and chain growth results in immediate formation of a surfactant-stabilized particle in which 

further polymerization occurs, to yield nanoscale PE particles (Figure 1.10b). It was 

demonstrated that a single catalyst molecule can generate, i.e. nucleate and grow, a PE 

nanoparticle, which consists of several polymer chains. Upon recoordination of the labile 

hydrophilic ligand, the active site presumably can also leave a particle and form further 

particles. However, so far it remained unclear whether resultant particle sizes are controlled 

by this process or are determined, e.g., by catalyst deactivation . A characteristic feature of 

these as-obtained PE nanoparticles is that they consist of a single crystalline lamella, 

representing the smallest single crystals of PE reported so far, which results in a distinct 

anisotropic particle shape (cf. Chapter 1.2.3). Water soluble salicylaldiminato Ni(II)-methyl 

catalyst IV yielded PE nanocrystals composed of highly linear PE (Mn = 4.2 × 10
5
 g mol

-1
, 

Mw/Mn = 1.4) virtually devoid of any branches (< 0.7 methyl-branches/1000 carbon atoms) at 

a low polymerization temperature of 10 °C.
159

 Crystallization of such a nearly perfect PE 

chain in confinement under these conditions resulted in highly ordered, ideal chain-folded 

nanoscale PE crystals (cf. Chapter 1.2.3). 

In conclusion, the development of catalysts based on late transition metals which allow for 

an efficient polymerization of ethylene in the presence of water represented a significant 

breakthrough and enabled the synthesis of aqueous dispersions of PE particles in the 

challenging size regime of a single lamella. 

1.2.2 Metathesis Polymerization 

Concerning the accessibility of PE nanocrystals with a defined polymer microstructure or 

precisely attached functionalities, these insertion polymerization based approaches only 

enable a limited control over such features. Here, the number and nature of branches is 

determined by the propensity of the transition metal complex applied during polymerization 

to -hydride elimination, which can be controlled by the nature as well as the ligand 

environment of the metal. Generally, these branches are introduced to the PE chain in a 

random fashion, i.e. in this sense a precisely controlled microstructure is not available via this 

synthetic approach. The crystallization of PE, however, is significantly influenced by the 

presence and arrangement (precise or random) of such branches along the polymer backbone 
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since, depending on their nature, they act as defects and hamper crystallization of otherwise 

crystallizable, linear PE segments.
160

 This strongly influences thermal characteristics, e.g., the 

introduction of branches alters the melting and crystallization point and also results in 

broadened thermal transitions due to comparably ill-defined crystalline structures. Regarding 

the crystallization in confinement in an aqueous PE nanoparticle dispersion, the presence of 

branches consequently also potentially affects the resulting particle shape. Thus, due to its 

ability to afford well-defined and otherwise inaccessible polymeric architectures (cf. 

Chapter 1.1), synthetic routes based on metathesis polymerization have been developed for 

the preparation of PE nanocrystals. Acyclic diene metathesis polycondensation (ADMET) has 

been applied for the generation of precisely branched, main-chain unsaturated 

polyalkenamers, where the branches are placed in a regular distance along the polymer chain 

(Figure 1.11). For this purpose, commonly the corresponding ,-diene monomer 

H2C=CH(CH2)nCHR(CH2)nCH=CH2 was subjected to G I-mediated ADMET in the neat 

molten monomer under high vacuum for several days. 

 

Figure 1.11:  Synthesis of precisely branched polyalkenamers via ADMET of symmetric ,-

diene monomers H 2C=CH(CH2)nCHR(CH2)nCH=CH2. 

Anisotropic nanoparticles composed of precisely methyl-branched linear PE have been 

generated by dispersing a toluene solution of the corresponding unsaturated polymer (R = Me; 

n = 6 and 8) in an aqueous surfactant (DTAC) solution by means of ultrasonication 

(‘secondary dispersion’) and subsequent hydrogenation of the as-obtained nanoparticle 

dispersion.
161

 This approach was enabled by the non-crystallinity and the associated 

reasonable solubility of the unsaturated polymer. The PE nanoparticles obtained via this route 

were shown to be crystalline and displayed a controllable and well-behaved thermal behavior, 

as determined by DSC as well as X-ray scattering and electron microscopy. The formation of 

these crystalline particles can be rationalized via crystallization of precisely branched linear 

PE in nanoscale droplets upon the hydrogenation step. Interestingly, these findings were in 

contrast to nanoparticles composed of PE similar to this material in its branching structure but 

with random placement of branches, which have been reported to be essentially not crystalline 
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(and consequently exhibited a spherical shape).
162

 Following a similar ADMET-based 

approach, nanocrystals have been generated from PE with precisely placed carboxylic acid 

groups on every 21
st
 or 45

th
 carbon atom, respectively, i.e. the distance between individual 

carboxylic acid groups spaced by long methylene sequences was precisely controlled.
163

 The 

multi-step synthesis procedure involved ADMET of a protected ,-diene monomer 

(R = COOR’; n = 9 and 21), simultaneous deprotection of the carboxylic acid moieties and 

reduction of the double bonds, generation of a stable nanoparticle dispersion via injection of a 

solution of these polymers into an aqueous cesium hydroxide solution under ultrasonication, 

and annealing of the resultant dispersions at increased temperature. The thickness of the 

obtained nanoscale PE crystals was demonstrated to be controlled by the regular distance 

between neighboring carboxy groups which are excluded from the crystal, i.e. the crystal 

morphology was directly encoded in the polymer microstructure (cf. Chapter 1.2.3). Another 

specific feature of these particles was that the hydrophilic groups at the particle surface 

simultaneously provided colloidal stability, which rendered them stable without the addition 

of surfactant. 

1.2.3 Structure and Properties 

The crystallization of polymers, and among those especially of PE as a prototype of a 

semicrystalline polymer, has been studied intensely in the past and it is well-accepted that 

polymers, which exhibit a reasonable chain flexibility, crystallize in the form of thin lamellae 

with chain folding.
164

 This crystalline nature results from van der Waals interactions between 

adjacent stretched chain segments. Larger crystalline structures in bulk material, e.g., 

spherulites, are formed by aggregation and branching of a large number of such lamellae. The 

lamellar thickness Lc as a function of the crystallization temperature Tc is given by the Gibbs-

Thomson equation:
165

 

 
𝐿𝑐 =

2𝜎𝑇𝑐
∞

∆ℎ ∙ (𝑇𝑐
∞ − 𝑇𝑐)

 (equation 2) 

 𝐿𝑐 = lamellar thickness 

 𝜎 = surface free energy of the lamella 

 𝑇𝑐
∞ = equilibrium crystallization temperature 

(temperature limit resulting in fully 

stretched chains) 

 ∆ℎ = heat of fusion 

 𝑇𝑐 = crystallization temperature 

Accordingly, crystallization at decreasing temperature, i.e. increasing ‘supercooling’, 

results in a decreasing lamellar thickness. The development of neutral water soluble 
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(2
-N,O)-salicylaldiminato Ni(II)-methyl complexes that allowed for the polymerization of 

ethylene in water under very mild conditions (15 °C, 40 bar) represented a significant advance 

in PE nanoparticle synthesis and design. While until then only PE particles which for the 

largest part consisted of stacks of several crystalline lamellae have been accessible,
151

 these 

catalysts provide access to single-lamella PE nanocrystals which up to now represent the 

smallest-ever polymer crystals that have been prepared.
166

 Such particles gave - and in future 

presumably will further give - unique insights into fundamental and long-standing issues of 

chain folding in polymer crystallization and additionally paved the way for exploiting such 

particles as (model) systems for nanoparticle anisotropy. PE nanoparticles prepared with 

water soluble salicylaldiminato Ni(II) catalyst III (Figure 1.10a) were extensively analyzed 

via combination of cryogenic transmission electron microscopy (cryo-TEM) and small-angle 

X-ray scattering (SAXS), which enabled a detailed investigation of their shape as well as their 

internal structure.
167

 These particles uniformly exhibited a hexagonal, platelet-like shape with 

a total thickness of ca. 9 nm (Lc + La) and a pseudoradius R of 12 – 13 nm (Figure 1.12a). 

 

Figure 1.12:  (a)  Schematic representation of single -crystalline PE nanoparticles.  These 

particles consist of a single lamella with a thickness Lc that is covered by two amorphous 

layers with a thickness ½ La, respectively, in which the PE chains fold back. A hexagonal,  

truncated lozenge habit is characteristic for such single -lamella PE nanocrystals. (b)  Schematic 

growth of a nascent PE nanocrystal and the potential result on its shape.  

A particle consisted of approximately 10 PE chains on average. It was demonstrated that 

these particles consist of a single crystalline lamella with a thickness Lc of 6.3 nm that is 

sandwiched between two amorphous layers in which the PE chains fold back and which 

contain defects such as branches and entanglements. This comparably very small lamellar 

thickness was attributed to the low crystallization temperature realized during synthesis 

(15 °C), i.e. crystallization occurred at extreme supercooling of more than 110 °C below the 

melting point of PE, which resulted in a higher degree of chain folding into thinner lamellae. 



General Introduction 

31 

Macroscopic PE crystals typically exhibit a lozenge, diamond shape. A proposed explanation 

how such hexagonal nanocrystals grow into lozenge-shaped macrocrystals was that the {100} 

planes of the crystal lattice, corresponding to two opposing planes of the hexagon, grow more 

quickly than the others, which results in the disappearance of these planes with increasing 

crystal growth (Figure 1.12b). Upon thermal annealing of these semicrystalline PE 

nanocrystals, i.e. heating them below the melting point, a lamellar thickening of the crystals 

was observed via AFM
168

 and SAXS
169

 measurements with high precision. Annealing an 

aqueous PE nanocrystal dispersion at 125 °C for 20 min resulted in a doubling of the 

thickness of the crystalline lamella, which was attributed to an unlooping within a single 

lamella. The increasing chain mobility with increasing temperature leads to cooperative 

motion of repeat units parallel to the main axis of the crystalline platelet, such that the chains 

can partly unfold and reduce the number of amorphous loops. Consequently the lamellar 

thickness Lc increases while the diameter of the nanocrystal decreases (Figure 1.13a). 

Concerning the crystallization of bulk PE, a fully extended chain crystal is thermodynamically 

most favored, however, this simultaneously requires the overcoming of a comparably high 

entropic barrier (Figure 1.13b). While it is open to what extent polymer crystallization is 

kinetically or thermodynamically controlled, the results reported within this study point to a 

thermodynamic control of the thickness of the lamellae after annealing. 

 

Figure 1.13:  (a)  Illustration of thermal annealing of a single-crystalline PE nanoparticle .  The 

increase of the lamellar thickness Lc is due to an unlooping within a single lamella.  

(b) Schematic representation of the crystallization of PE. A fully extended chain crystal is 

thermodynamically most favored, however, simultaneously requires the overcoming of a 

comparably high entropic barrier.  (c) Scheme of a self-stabilized nanocrystal from precisely, 

long-spaced carboxy-substituted PE. The lamellar thickness is directly determined by the PE 

microstructure.  
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Single ‘perfect’ ordered PE nanocrystals consisting of a single crystalline lamella covered 

by very thin amorphous layers, just sufficient to accommodate a loop but likely no 

entanglements, with an unusually high crystallinity ((DSC) ≥ 90 %, (SAXS) = 82 %) were 

obtained via water soluble salicylaldiminato Ni(II)-methyl catalyst IV (Figure 1.10a) at a low 

polymerization temperature of 10 °C (cf. Chapter 1.2.1).
159

 This unusually high order was 

attributed to the virtually perfect PE chain devoid of branches formed with this catalyst, so 

that crystallization is not disturbed by branching, in combination with the crystal formation 

process during which crystallization occurs faster than chain growth. Thus, the chain is 

directly incorporated into the crystal as it grows by catalytic insertion steps, which minimizes 

the possibility to form entanglements. 

Via an ADMET-based approach self-stabilized nanocrystals of precisely, long-spaced 

carboxy-substituted PE have been generated by a post-polymerization procedure (cf. 

Chapter 1.2.2).
163

 Therein, it was demonstrated that the nanocrystal thickness can be 

controlled by the regular distance between neighboring carboxy-groups on the PE chain, i.e. 

the crystal size is directly encoded in the polymer microstructure (Figure 1.13c). This has 

been rationalized by the assumption that the hydrophilic carboxy-groups are excluded from 

the PE crystal, which presumably is further enhanced by their interaction with the aqueous 

dispersion medium. 

By incorporation of pyrene, which has been used as a probe molecule in order to sense the 

polarity of its environment, into PE nanocrystals with a variable degree of branching and 

crystallinity, it was demonstrated that the lipophilic pyrene molecules in the particles sense 

the surfactant-covered water-particle interface to some extent, presumably via short-range 

penetration of water or the surface charge.
162

 For crystalline particles, in which the amorphous 

layers that accommodate the guest molecules are located at the particle periphery, this effect 

was found to be more pronounced than in less crystalline particles, in which the pyrene 

molecules experienced a comparably less polar environment. By melting and crystallization 

of the particles this experienced polarity could be switched reversibly. Thus, PE-based 

nanocontainers whose properties could be switched by external stimuli, i.e. temperature, were 

accessible by this approach. The crystallization temperature at which this occurred could be 

directly controlled by the PE microstructure. 

The construction of crystalline polymer ultrathin (≤ 100 nm) films from aqueous PE 

nanocrystal dispersions has been investigated as an unusual approach to such films from 

individual prefabricated crystalline mesoscopic building blocks. Thin and ultrathin polymer 

films are of interest from a practical as well as a fundamental point of view and most 
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commonly have been generated via spin-coating of polymer solutions, which typically relied 

on organic solvents and increased temperatures. Thus, a process that enables the formation of 

such films from aqueous systems at ambient temperature generally is desirable. Depending on 

the solids content of the dispersion employed, homogeneous films with thicknesses as low as 

15 nm up to several hundreds of nm were obtained via spin-coating of aqueous PE 

nanocrystal dispersions at room temperature and it was shown that the primary crystals have a 

preferred flat-on orientation with respect to the substrate surface.
168,170

 The very small particle 

size in combination with the general structure of these PE single crystals, in which the 

amorphous portions are exclusively located at the particle surface, results in an efficient 

interaction between particles in films. The fate of surfactant adsorbed to the nanocrystals, 

which provides colloidal stability in the original aqueous dispersion, has been investigated 

and it was shown that it desorbs at least partially during formation of the nascent films. Upon 

annealing below the melting point, the surfactant migrates to the film-air interface to form 

aggregates and can be removed by rinsing with water. This approach of preparing thin and 

ultrathin semicrystalline PE films from aqueous PE nanocrystal dispersions nicely 

demonstrated the unique potential of single-crystalline PE nanoparticles to function as 

(anisotropic) mesoscopic building blocks for the formation of larger structures and 

aggregates. 
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2 Objective 

Due to their unique characteristics, particles of only a few nanometers in size have gained 

interest from a variety of perspectives, e.g., for the development of novel materials and 

technologies. However, in order to take full advantage of their potential and to enable a better 

assessment of potentially related risks of these nanostructures to humans and the environment, 

a better understanding of the interactions of nanoparticulate structures among each other and 

with their environment is inevitable. For this purpose, model systems and concepts that enable 

a systematic investigation of these interactions are required. In this context, nanoparticles 

composed of PE are of interest, since, as a result of its semicrystalline nature, PE offers the 

possibility to control the nanoparticle shape and as an organic polymer it is amenable to a 

controlled architecture and functionalization, making use of the modern tools of polymer 

chemistry. Although more recently routes for the generation of PE nanoparticles with variable 

size and shape have been reported, their defined functionalization requires a different 

approach. 

Thus, the aim of this thesis was the development of synthetic routes for the tailor-made 

generation of PE nanocrystals with different functionalities, making use of catalytic olefin 

metathesis. Furthermore, they should be exploited as model systems for the investigation of 

central aspects concerning nanoparticles and their interactions. As a general concept, 

fluorescent reporter molecules should be covalently incorporated into the nanoparticles in 

order to facilitate tracing these particles via state of the art fluorescence microscopic methods. 

Targeted particle sizes generally were in the range of a single crystalline lamella in order to 

potentially enable a control over the nanoparticle morphology. For this purpose, a ring-

opening metathesis (ROMP) based approach for the generation of fluorescence labeled PE 

nanocrystals via polymerization in an aqueous heterophase system was developed 

(Chapter 3). The applicability of these novel fluorescence labeled PE nanocrystals for 

imaging in complex biological environments was investigated. In an interdisciplinary 

cooperative study they were applied as a model system for the investigation of possible toxic 

effects of biopersistent, inert nanoparticles upon chronic exposure. A concept toward 

orientational monitoring of anisotropic nanoparticles was developed, which is a central issue, 

e.g., for the investigation of assembly processes of such very small building blocks 

(Chapter 4). Single molecule fluorescence microscopy was targeted as the method of choice. 

Aqueous dispersions of self-stabilized, fluorescence labeled PE nanocrystals, which retain 
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their colloidal stability without the addition of stabilizing agents, were desired to this end 

(Chapter 5). Targeted PE molecular weights of these surfactant-free nanoparticles were in the 

previously unprecedented regime of Mn > 20,000 g mol
-1

. Such particles are highly desirable 

since generally surfactants are prone to desorption from the particle surface and consequently 

add an undesired, non-controllable parameter to the system of interest when such surfactant-

stabilized particles are applied as probes. Amongst others, this required the development of a 

synthesis which affords well-defined amphiphilic and fluorescence labeled PE-containing 

block copolymers and a protocol for the generation of colloidally stable nanoparticles thereof. 

The suitability of these particles for investigations in biological systems, concerning their 

potential to cross biological barriers and their colloidal stability in such demanding systems as 

well as the possibility to readily trace them via common fluorescence microscopic methods, 

was explored. A concept toward a further functionalization of these already specifically 

tailored particles, e.g., with biomolecules, should be developed in order to expand the degree 

of PE nanocrystal engineering, with respect to shape, traceability, (surface) functionalization 

and colloidal stabilization. 
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3 Fluorescence Labeled PE Nanocrystals and Their 

Tracing in Biological Systems 

3.1 Introduction 

A major characteristic of particles of only a few nanometers in diameter is their ability to 

readily cross biological barriers, such as cell membranes, i.e., nanoparticles are effectively 

taken up into a variety of cells.
6
 The possibility to exploit this phenomenon as a new 

technology for biomedical applications has gained increasing interest, since it could enable, 

e.g., a targeted drug delivery to specific subcellular compartments in order to increase the 

bioavailability of drugs that otherwise would be metabolized. The endocytic pathways by 

which these nanoparticulate structures are taken up by the cells, typically involving vesicular 

processes occurring at the cell membrane, such as micropinocytosis, lipid raft-dependent 

mechanisms and clathrin-dependent endocytosis, have been studied extensively in recent 

years,
171-179

 since a deeper understanding of these transmembrane transport processes could 

allow for manipulating the uptake of nanomaterials into cells and could enable a targeted 

interaction of (engineered) nanoparticles with cellular machinery. Generally, it appears that 

the distinct mechanism as well as the efficiency of cellular internalization strongly depends on 

the nanoparticle design. In addition to particle size, surface charge and surface chemistry, this 

also includes the nanoparticle shape, which has been demonstrated to play a crucial role in the 

interaction of (nano)particles with cells.
10,180-182

 It has been shown that commonly the surface 

of nanoparticles is immediately covered by a complex layer of biomolecules when they come 

in contact with a biological medium, forming a ‘protein corona’ due to attractive interactions 

between the typically highly energetic particle surface and the proteins present in this 

environment.
183,184

 This new interface between the particles and the biological medium (‘bio-

nano interface’), thus, constitutes the primary contact to the cells during cellular uptake, i.e., 

the cell interacts with a completely different particle surface compared to the original pristine 

surface of the nanoparticles. Noteworthy, to some extent these interactions could lead to 

conformational changes of surface-adsorbed proteins which in turn could provoke toxic 

effects (vide infra).
185,186

 

Thus, apart from the aim to exploit these characteristic interactions between nanoparticles 

and biological systems for biomedical applications, the focus of research lies on possibly 

related toxic effects of nanomaterials, which has led to the establishment of the relatively new 
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discipline ‘nanotoxicology’.
187

 Since exposure of humans and the environment to 

(engineered) nanoparticles can be expected to increase in the near future, this gives rise to the 

fundamental question of the toxicity of such materials. Acute nanotoxicity has been 

investigated intensely in the last years,
188

 especially for the industrially widely-used inorganic 

nanomaterials. However, the numerous studies present are only qualified for a risk assessment 

to a limited extent, since up to now there are no standardized materials and methods for the 

evaluation of nanotoxic effects and many of the commonly used methods are defective.
187

 

Hence, generally there are discrepancies in the current literature regarding the toxicity of 

nanomaterials, which in addition to the aforementioned reasons can be attributed to the 

different physicochemical properties of the nanoparticles used, originating from the diversity 

of nanoparticles being synthesized.
189,190

 Despite the extensive investigation of acute 

nanotoxicity there is still a lack of data on long-term accumulation of nanoparticles and their 

potential risk for human health, probably as a consequence of the methodical challenges 

arising from such long-term experiments. Especially for inert and biopersistent particles able 

to accumulate in the organism, chronic nanotoxicity is an eminent question. Hitherto existing 

studies confirm toxic effects of nanoparticles upon chronic, non-acute exposure.
191,192

 The 

fundamental mechanisms by which such particles can provoke nanotoxicity are diverse and 

include, e.g., oxidative stress, protein misfolding (vide supra) due to interactions on the 

particle surface, integration into mitochondria, activation of immune responses, or changes in 

receptor or channel function.
193,194

 The potential of nanoparticles to penetrate biological 

barriers and membranes gives them the opportunity to even interact with internal organs, like 

the central nervous system. However, even small disruptions in differentiation during 

neurogenesis may result in severe impairment of the nervous system and can cause adult 

neurological symptoms. Human embryonic stem cell (hESC) technology provides a tool to 

model important aspects of human neurodevelopment. Such differentiating stem cells are 

emerging as test systems to model developmental toxicity, since the presence of many cell 

types in different stages of differentiation allows for a dynamic three-dimensional 

communication between cells, thus emulating the in vivo situation. Methods have been 

developed to assess toxicity to the developing nervous system.
195,196

 However, up to now only 

a handful of studies address the relevant problem concerning the toxicity of nanoparticles to 

the human nervous system.
197,198

 

Polyethylene generally is considered to be chemically and biologically inert under 

physiological conditions, therefore it should be a suitable system to investigate the chronic 

toxicity of biopersistent nanoparticles. This biopersistency and the corresponding expected 
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accumulation of PE, also in the form of very small particles, in the environment and the food 

chain further increases the relevance and practical importance of this model system. Although 

PE has been a widely used and well-studied material of eminent importance for decades, 

nanoparticles of PE have found attention only more recently, amongst others due to the long-

standing lack of suitable synthetic approaches. Only recently routes toward anisotropic PE 

nanocrystals with variable size and shape have emerged, mainly based on insertion 

polymerization of ethylene in aqueous surfactant solution or metathesis polymerization of 

suitable monomeric building blocks and subsequent hydrogenation of as-obtained unsaturated 

polymers (cf. Chapter 1.2). Besides, a few other routes have been reported, such as free-

radical emulsion polymerization at intermediate pressures,
142

 or self-assembly of PE-

containing copolymers in aqueous solution, which provides access to surfactant-free PE 

nanocrystals (cf. Chapter 5.1). An analysis of such nanoparticles composed of linear PE by a 

combination of cryo-TEM and SAXS revealed these to be polymer single crystals composed 

of one single lamella and with an extension of only a few tens of nanometers also in the 

lateral direction (cf. Chapter 1.2.3).
167,159

 Thus, they can serve as suitable model system for 

studies of anisotropic nanoparticulate structures and their interactions, since in general the 

preparation of defined nonspherical colloidal particles in the size range of 1 – 100 nm is 

challenging.
199

 A significant advantage of these organic PE nanocrystals over inorganic 

particles, for which a broad spectrum of shapes has been realized,
200

 is the considerably easier 

functionalization of organic materials during the preparation process in a well-controlled 

manner, potentially allowing the synthesis of appropriately functionalized anisotropic 

nanoparticles, e.g., as model system for the investigation of nanoparticles and their interaction 

with biological systems. 

Fluorescence microscopy as such has evolved into a powerful and versatile imaging 

method and consequently its use in the fields of biology and materials science is rapidly 

expanding.
201

 In terms of nanoparticle research, fluorescent particles can be traced in complex 

environments via this technique without disturbing the system under study. Thus, they are a 

valuable tool for investigations of the interactions of nanoparticulate structures with their 

environment, e.g., nanoparticles of luminescent conjugated polymers are frequently used for 

biological imaging and in intracellular studys.
202,203,204

 Fluorescence labeling of particles 

consisting of non-fluorescent polymers, such as PE, generally can be achieved by 

physisorption of a fluorescence dye into the polymeric matrix, mainly based on physical 

interactions between the polymer and the dye, e.g., by addition of the respective dye during 

the particle formation step.
173

 However, such an approach generally suffers from the 
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possibility of phase separation and undesirable release of the dye. In contrast, covalent 

attachment of a fluorescence marker can avoid this and, in addition, potentially allows for a 

more controlled incorporation, e.g., with respect to the spatial environment of the dye. 

Despite the development of various routes for the generation of non-spherical PE 

nanocrystals (vide supra), the precise covalent labeling for microscopy investigations requires 

a different approach. Hence, for the synthesis of fluorescence labeled PE nanocrystals ROMP 

was identified as the method of choice, since it offers variable possibilities to covalently 

attach the desired fluorescence functionality and can be conducted in aqueous systems (cf. 

Chapter 1.1), a desirable feature for the preparation of nanoparticles directly during the 

polymerization reaction. Moreover, PE with a narrow molecular weight distribution can be 

obtained upon polymerization and subsequent hydrogenation of the unsaturated polymer 

backbone employing an adequate monocyclic olefin as a monomer, such as cyclooctene
75

, 

cyclopentene,
205

 or cyclobutene.
206

 Noteworthy, in contrast to the more common synthesis of 

PE via free radical or insertion polymerization, such a ROMP-based approach typically yields 

perfectly linear PE free from both short- and long-chain branching. 

Thus, a ROMP-based approach for the generation of anisotropic PE nanocrystals 

functionalized with multiple dye molecules per particle was developed in order to facilitate a 

monitoring of these particles via non-invasive fluorescence microscopy. Their suitability as 

model system for the investigation of the interactions of nanoparticles with biological 

systems, concerning their traceability via common fluorescence microscopic methods and 

their colloidal stability in such demanding environments, was demonstrated via incubation of 

adherent live HeLa cells. They were further used to assess the chronic toxicity of 

biopersistent, inert nanoparticles to the developing nervous system in a neural differentiation 

model developed from hESC. 
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3.2 Fluorescence Functionalized Ru Alkylidenes 

3.2.1 ROMP Initiator Design and Synthesis 

The precise introduction of functional chain ends at the stage of initiation during a ROMP 

reaction applying an initiator that bears a fluorescence functionalized carbene ligand was 

considered as a promising synthetic approach for the preparation of fluorescence labeled PE 

nanoparticles. This approach enables the selective covalent attachment of the desired 

fluorescence functionality to the polymer chain directly during the polymerization reaction 

and avoids further post-polymerization conversions of functional end groups. Additionally, 

due to the general remarkable stability of most Ru alkylidene complexes toward a multitude 

of functional reagents, e.g., water, it potentially allows to conduct the ROMP reaction in 

aqueous systems in order to generate the desired nanoparticulate structures directly during the 

polymerization step. In this regard, the direct introduction of the fluorescence functionality 

during the polymerization step was highly desirable, since a post-polymerization 

functionalization of the resultant nanoparticles in aqueous dispersion was expected to result in 

comparably low degrees of functionalization. 

Rylene dyes, e.g., perylene diimides (PDI), are favored chromophores for fluorescence 

microscopy applications since they feature an exceptional chemical, photochemical, and 

photophysical stability in combination with high extinction coefficients and excellent 

quantum yields.
207

 Thus, this dye familiy was anticipated to be well suited for the envisioned 

imaging applications in biological systems (cf. Chapter 3.5 and 5.6) as well as fluorescence 

microscopy investigations on a single molecular level (cf. Chapter 4). Regarding the 

attachment of functional moieties, e.g., fluorescent dye molecules, to the carbene ligand of Ru 

alkylidenes, using a styrene derivative substituted with the desired functionality has been 

shown to be a suitable route to afford carbene substituted initiators via a cross metathesis 

reaction with commercially available Ru alkylidene complexes (cf. Chapter 1.1.2). For this 

purpose, PDI based styrene derivatives 10 and 11 were synthesized in a six-step procedure 

starting from perylenetetracarboxylic dianhydride (PTCDA), respectively (Figure 3.1). While 

compound 11 potentially allows for the synthesis of Grubbs-type complexes, Hoveyda-

Grubbs-type alkylidenes are accessible via compound 10 which bears an isopropoxy moiety 

ortho to the vinyl group. For this purpose, first symmetrical PDI 6 was synthesized by 

chlorination of PTCDA in the bay regions, condensation with 2,6-diisopropylaniline and 

subsequent aromatic substitution with tert-octylphenol. Partial hydrolysis under basic 

conditions yielded monoimide monoanhydride 7 which allowed for the introduction of 



Fluorescence Labeled PE Nanocrystals and Their Tracing in Biological Systems 

41 

various functionalities by condensation with primary amines and, thus, served as a platform 

compound for the synthesis of unsymmetrical PDIs 10 and 11. This synthesis scheme for such 

unsymmetrical PDIs with different substituents on each imide position is necessary, since the 

direct preparation via simultaneous or sequential addition of two different amines to PTCDA 

has been shown to yield only traces of the desired unsymmetrical PDI compound.
208

 

 

Figure 3.1: Synthesis scheme of PDI functionalized styrene derivatives. 

Except for the partial hydrolysis of compound 6 with a moderate yield of 39 %, all other 

reactions yielded the desired product in good yields of > 60 %. The introduction of sterically 

demanding phenoxy substituents at the bay position of rylene dyes is a common method in 

order to suppress aggregation through π stacking and, hence, to increase the solubility of these 

dyes. In addition, these bulky substituents enhance the photostability of the chromophore 

since they protect the core of the dye molecule from potential perturbing reacting agents, e.g., 

oxygen.
209

 However, the electron-donating character of the phenoxy moieties considerably 
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effects the photophysical properties of the dye, such as a reduced vibronic fine structure in the 

absorption and emission spectra and an intense increase of the S0  S2 absorption strength in 

comparison to the unsubstituted chromophore, respectively. In this context, it is noteworthy 

that in contrast the imide substituents hardly have an influence on the optical properties of 

PDI dyes since the nitrogen atoms are located on nodal planes of the HOMO as well as the 

LUMO and, thus, effects of imide substitution on the frontier orbital energies are only 

inductive in nature and are consequently similar for both HOMO and LUMO.
210

 PDI 

substituted styrene compounds 10 and 11 could be synthesized in good yields by 

condensation of 7 with the respective bromo-substituted aniline derivatives and subsequent 

Stille coupling, respectively. To this end, isopropoxy-substituted aniline derivative 3 was 

synthesized in good yields according to a previously reported three-step procedure, starting 

from 4-nitrophenol (Figure 3.1).
211,212

 

 

Figure 3.2:  Synthesis scheme of PDI functionalized Ru alkylidenes  HG II-PDI and G I-PDI. 

Ruthenium initiators HG II-PDI, which already was developed in the framework of 

another PhD thesis carried out in parallel in the Mecking group,
213

 and G I-PDI bearing a PDI 

functionalization at their carbene ligand were synthesized by carbene exchange reactions of 

commercially available Ru alkylidenes G II and G I with these PDI-substituted styrene 

derivatives 10 and 11, respectively (Figure 3.2). Specific anticipated features of these 

complexes HG II-PDI and G I-PDI were the excellent stability of Hoveyda-Grubbs-type 

catalysts in the former case and the potential to mediate ROMP reactions in a living fashion 

for the latter alkylidene complex. For the synthesis of HG II-PDI, which structurally 
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resembles the well-known 2
nd

 generation Hoveyda-Grubbs initiator HG II, an equimolar 

mixture of vinyl isopropoxyphenyl substituted PDI dye 10, Grubbs 2
nd

 generation ruthenium 

alkylidene G II, and CuCl as a phosphine scavenger was gently warmed in CH2Cl2 for 1 h, a 

common procedure for the preparation of Hoveyda-Grubbs-type initiators.
65,214

 Upon 

purification by column chromatography, phosphane-free complex HG II-PDI was obtained in 

57 % yield as a dark-red, non-fluorescent solid. Due to its remarkable stability, it was possible 

to handle this complex in air even in solution without formation of decomposition products, 

e.g., purification via column chromatography could be performed in air using reagent-grade 

solvents. Characteristic 
1
H NMR resonances comprise a signal for the carbene proton at 

 = 16.59 ppm in CD2Cl2, in comparison to a carbene proton resonance at  = 16.51 ppm for 

the unsubstituted equivalent HG II. 

PDI functionalized Grubbs 1
st
 generation type initiator G I-PDI was obtained by stirring 

styrene derivative 11 with 0.9 equivalents of Grubbs 1
st
 generation catalyst G I in xylene 

under vacuum. Upon complete removal of the solvent, the residue was kept under vacuum for 

another 30 min, redissolved in xylene, and again stirred under vacuum until the solvent was 

removed. This procedure was repeated four times in total, in order to shift the equilibrium 

completely toward the desired product by the removal of styrene being formed. The formation 

of PDI functionalized alkylidene complex G I-PDI during this procedure could be monitored 

by 
1
H NMR spectroscopy due to a characteristic shift of the resonances of the carbene proton 

and the phenylic proton ortho to the carbene moiety from  = 20.03 ppm and  = 8.46 ppm for 

starting complex G I in CD2Cl2 to  = 20.18 ppm and  = 8.61 ppm for desired product 

G I-PDI, respectively (Figure 3.3). The appearance of resonances at  = 6.74 ppm (dd, 

3
JHH = 17.6 Hz, 

3
JHH = 11.1 Hz), 5.78 ppm (d, 

3
JHH = 17.6 Hz) and 5.26 ppm (d, 

3
JHH = 11.1 Hz) indicated the formation of styrene and further proved the conversion of G I 

into G I-PDI. In order to remove the excess of free dye that has been applied during synthesis 

in order to reach full conversion, G I-PDI was purified by washing with dry pentane and was 

obtained as an air-stable dark-red solid in a pure form in 65 % yield. G I-PDI was found to be 

considerably less stable than HG II-PDI. Complete decomposition was observed upon 

attempted purification via preparative TLC under an inert gas atmosphere on dried silica gel 

or reversed phase plates, which has been considered as an alternative purification route in 

order to increase the yield. This has also been reported for other Grubbs first generation 

analogous Ru alkylidenes.
96

 

Notably, both labeled Ru alkylidene complexes G I-PDI as well as HG II-PDI exhibited 

only a weak fluorescence. Their fluorescence quantum yield in CH2Cl2 was determined to be 
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≤ 4 % vs. a typical quantum yield of ≥ 93 % for the free PDI dye 6. This finding can be 

attributed to fluorescence quenching of the fluorophore in the precursor by the ruthenium 

metal center, which already has been reported for other fluorescence functionalized Ru 

alkylidenes.
215,216

 However, upon dissociation of the fluorescence functionalized ligand and 

the associated spatial separation of the fluorophore from the metal center, the fluorescence is 

restored. Different mechanisms are possible by which such a fluorescene quenching could 

occur, such as intersystem crossing, photoinduced electron transfer and resonance energy 

transfer to a non-fluorescent acceptor. While a photoinduced electron transfer has been 

postulated in the case of fluorescent chemosensors for Cu
2+

,
217

 recent findings point toward a 

Förster resonance energy transfer (FRET) from the dye to the metal complex in the case of 

fluorescence functionalized Ru complexes.
213

 

 

Figure 3.3:  
1
H NMR spectra (400 MHz, CD2Cl2,  25 °C) of the cross metathesis reaction of 

styrene derivative 11  with 0.9 eq G I (a) carbene region; b) aromatic region). Between each 

spectrum styrene being formed was removed by applying high vacuum in order to shift the 

equilibrium toward desired product G I-PDI. 

Thus, monitoring the fluorescence intensity over time can provide mechanistic 

information, if dissociation of the labeled ligand, i.e., the carbene ligand for complexes 

G I-PDI and HG II-PDI, represents a key step in the reaction under study. In the following 

course of this work, this phenomenon consequently was exploited as an additional valuable 
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2 
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tool in order to gain further insights into metathesis reactions, making use of the exceptional 

features of fluorescence spectroscopy, such as a high sensitivity and time resolution, which 

make this technique well suited for the investigation of fast initiation reactions under realistic 

reaction conditions. In contrast, for instance NMR spectroscopical methods are less suited for 

resolving fast initiation reactions and consequently are limited to relatively low reactive 

substrates. Furthermore, the high substrate concentrations commonly applied in NMR 

spectroscopical experiments, e.g., to monitor initiation reactions, most often do not reflect true 

conditions of metathesis reactions carried out on a larger scale. 

3.2.2 Reactivity of Fluorescence Labeled Ru Alkylidenes 

In order to evaluate the influence of the PDI substituent on the ROMP reactivity of the 

labeled complexes G I-PDI and HG II-PDI in comparison to the respective unlabeled 

initiators G I and HG II, two different reaction steps have to be considered, that is initiation 

and propagation. A minor influence on the propagation rate during ROMP can be reasonably 

assumed, since upon initiation, i.e., reaction with the first monomer unit, the bulky PDI 

moiety is detached from the carbene carbon and is incorporated at the chain end. Thus, the 

identical catalytically active species are formed in the case of the Grubbs 1
st
 generation type 

initiators G I-PDI vs. G I as well as in the case of the Hoveyda-Grubbs 2
nd

 generation type 

Ru alkylidenes HG II-PDI vs. HG II, which can be assumed to lead to similar propagation 

rates, respectively. 

Contrarily, it has been shown that substituents on the carbene ligand can significantly 

influence the initiation behavior of Ru alkylidenes by a combination of electronical and 

sterical effects.
86

 Hence, in order to investigate the influence of the bulky PDI substituent on 

the initiation step of the labeled complex G I-PDI, a model reaction with n-butyl vinyl ether 

was employed in a comparative study with the unlabeled initiator. A similar approach has 

been followed in the framework of another parallel PhD thesis for labeled initiator 

HG II-PDI (vide infra).
213

 Vinyl ethers have been shown to react rapidly, quantitatively, and 

irreversibly with Ru alkylidenes in a regiospecific manner to yield Fischer-type carbene 

complexes of the general form [(L)xRu=CHOR], which are commonly considered to be 

metathesis inactive, and the corresponding olefin-capped carbene ligand, i.e., a styrene 

derivative in the case of G I-PDI or HG II-PDI (cf. Chapter 1.1.2).
218

 Thus, this type of 

reaction is well-suited for kinetic studies on the initiation of Ru alkylidene complexes since it 

generally proceeds with clean kinetics and provides close to an upper limit for the initiation 

rates in these systems. 
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The fact that fluorescence of both labeled complexes G I-PDI and HG II-PDI is 

quenched and is restored upon initiation and subsequent cleavage of the PDI dye from the 

metal allowed for a straightforward monitoring of the initiation step upon substrate addition 

by fluorescence spectroscopy (Figure 3.4a). For this purpose, the fluorescence intensity of 

labeled complex G I-PDI dissolved in toluene (1.5 × 10
-5

 M) at the emission maximum of the 

PDI dye ( = 619 nm) was monitored over time. Upon addition of a large excess of n-butyl 

vinyl ether (0.15 M), a strong increase of the fluorescence intensity was observed within 

minutes. Noteworthy, no significant increase of the fluorescence intensity was observed prior 

to substrate addition, proving the stability of the complex under these conditions and 

consequently demonstrating that the intensity increase observed upon addition of the vinyl 

ether can be attributed to its reaction with the labeled Ru alkylidene. 

 

Figure 3.4:  (a) Reaction scheme for the metathesis reaction of G I-PDI  with n-butyl vinyl 

ether. In G I-PDI,  fluorescence is quenched by the Ru center. Upon cleavage of the PDI dye 

from the metal, fluorescence is restored . (b) Fluorescence intensity increase over time at  

  = 619 nm during the reaction of G I-PDI (1.5 × 10
-5

 M) with n-butyl vinyl ether (0.15  M) in 

toluene at various temperatures. The black dashed lines indicate pseudo -first-order fits of the 

fluorescence intensity curves, respectively. (c)  Eyring plot for the initiation of G I-PDI  

(1.5 × 10
-5

 M) with n-butyl vinyl ether (0.15 M) in toluene.  

This reaction was monitored at various temperatures in the range of 15 – 50 °C and the 

initiation rate constants ki were obtained from pseudo-first-order fits of the normalized 

fluorescence intensity increases over time (Figure 3.4b). The corresponding activation 

parameters were extracted from the resulting Eyring plot (Figure 3.4c). Accordingly, the 

activation energy and entropy for the initiation of G I-PDI with n-butyl vinyl ether amount to 
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H
‡
 = 95.8 kJ mol

-1
 and S

‡
 = +51.1 J mol

-1
 K

-1
, respectively (Table 3.1, entry 1). These 

values correspond well to data reported previously for precursor G I (H
‡
 = 98.8 kJ mol

-1
 and 

S
‡
 = +50.2 J mol

-1
 K

-1
)
68

 (Table 3.1, entry 2). Thus, substitution of the carbene ligand with 

the sterically demanding PDI dye apparently has no undesirable influence on the initiation 

behavior of G I-PDI. In this context, it is worth mentioning that these activation parameters 

determined for the reaction of phosphine containing Grubbs 1
st
 generation type initiators with 

n-butyl vinyl ether correspond to dissociation of a phosphine ligand from the metal center, 

since this represents the rate determining step in the reaction of Grubbs-type alkylidene 

complexes with olefins. The large positive value of S
‡
 determined for G I-PDI is consistent 

with such a dissociative mechanism. Hence, the finding that the initiation behavior of 

G I-PDI is not significantly altered by the PDI substituent can be rationalized by the fact that 

the activity of Grubbs 1
st
 generation type initiators is related to the phosphine dissociation 

rate, which can be expected to be not significantly influenced by the PDI dye. 

Table 3.1:  Activation parameters  extracted from Eyring plots  for the initiation of Ru 

alkylidene complexes with n-butyl vinyl ether .  

entry initiator 
H

‡
 

[kJ mol
-1

] 

S
‡
 

[J mol
-1

 K
-1

] 

G
‡
 (298 K) 

[kJ mol
-1

] 

1
a
 G I-PDI 95.8 +51.1 80.6 

2
68

 G I 98.8 +50.2 83.8 

3
213

 HG II-PDI 57.4 -73.0 79.2 

4
219

 HG II 63.6 -79.5 87.3 

a
[G I-PDI]0 = 1.5 × 10

-5
 M, [n-butyl vinyl ether] 0 = 0.15 M, in 

toluene.  

The activation energy and entropy for the initiation of HG II-PDI with n-butyl vinyl ether 

determined via this method amount to H
‡
 = 57.4 kJ mol

-1
 and S

‡
 = -73.0 J mol

-1
 K

-1
, 

respectively (Table 3.1, entry 3)
213

, and also are in good agreement with data for the unlabeled 

equivalent initiator HG II (H
‡
 = 63.6 kJ mol

-1
 and S

‡
 = -79.5 J mol

-1
 K

-1
)
219

 (Table 3.1, 

entry 4). In this regard, the negative value of S
‡
 determined for the initiation of HG II-PDI 

is consistent with the accepted mechanism for this step, which has been shown to be an 

interchange mechanism with associative character.
79

 

Apparently, the reactivity of the carbene substituted initiators G I-PDI and HG II-PDI is 

not significantly altered in comparison to the unsubstituted analogous, i.e., the relatively 

bulky PDI dye molecule has no undesirable influence on the initiator reactivity. This 
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comparable reactivity was exploited in the following chapters, e.g., by using the commercial 

available alkylidenes G I and HG II as model compounds in order to optimize ROMP 

reaction conditions prior to using the labeled initiators HG II-PDI and G I-PDI, respectively. 

Conversely, these findings demonstrate the suitability and reliability of this fluorescence 

spectroscopic method for kinetic investigations of metathesis reactions. 

3.3 Aqueous Poly(cyclooctene) Nanoparticle Dispersions 

3.3.1 ROMP of trans-Cyclooctene in Aqueous Microemulsion 

A synthetic approach toward the preparation of (UHMW)PE nanoparticles via a two-step 

reaction involving ROMP of trans-cyclooctene in aqueous microemulsion and subsequent 

hydrogenation of the unsaturated polymer nanoparticle dispersion was already under 

investigation in the framework of another PhD thesis carried out in the Mecking group.
220

 

Thus, the concept explored therein was further elaborated in order to develop a strategy for 

the preparation of well-defined fluorescence labeled PE nanocrystals. 

 

Figure 3.5:  Synthesis scheme of trans-cyclooctene M1 .
221 

As a monomer, trans-cyclooctene M1 was chosen, since it combines both the potential to 

generate strictly linear PE and a high ring-strain beneficial for a controlled polymerization 

behavior and essential for the achievement of high molecular weights, which is in turn crucial 

for the formation of crystallizable segments. trans-Cyclooctene M1 was synthesized by olefin 

inversion of the corresponding cis-isomer following a reported three-step procedure (Figure 

3.5).
221

 For this purpose, cis-cyclooctene was reacted with MCPBA and the resultant cis-

epoxide M1a was converted to -hydroxy phosphine oxide M1b via reaction with lithium 

diphenylphosphide and following oxidation with H2O2. Subsequent elimination under basic 

conditions yielded trans-cyclooctene M1 in overall excellent yields. Note that a direct olefin 

inversion via photochemical isomerization, which avoids the multistep procedure employed 

here, is also possible.
222

 However, due to the complexity of the equipment needed this 

approach was not considered further. Since M1 tends to spontaneous polymerization, it was 

stored at low temperatures and had to be freshly purified via vaccum transfer prior to each 

use. Note that this undesired autopolymerization also occurred upon storage in PTFE vessels 

and in glassware that had been treated with Me2SiCl2. 
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A procedure for the preparation of poly(cycloolefins) in the form of nanoparticles via 

ROMP in aqueous microemulsion had already been reported (cf. Chapter 1.1.3).
134

 Here, an 

approach employing two independent o/w microemulsions of the monomer and the initiator, 

respectively, where the dispersed phase was the organic compound, i.e., the cyclic monomer 

or a toluene solution of the initiator, and the continuos phase was water was followed in order 

to gain colloidal stable nanoparticulate structures upon mixing of both microemulsions. This 

approach is applicable due to the highly dynamic nature of microemulsions that enables an 

exchange between the emulsified structures. Hence, this approach was adopted employing 

two o/w microemulsions of monomer M1 and the fluorescence functionalized initiator, 

respectively (Figure 3.6). Due to its anticipated higher stability under these microemulsion 

conditions, labeled Hoveyda-Grubbs-type Ru alkylidene HGII-PDI was used. As a surfactant 

SDS was employed. With respect to PE molecular weights, such a route where the 

nanoparticles are formed directly during the polymerization step was considered a more 

appropriate route towards PE nanoparticle dispersions with considerable polymer molecular 

weights than procedures following a secondary dispersion approach of preformed polymer. 

 

Figure 3.6:  Schematic illustration of the aqueous microemulsion polymerization process . 
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Despite the significant difference in nature between the two oil phases (trans-cyclooctene 

vs. toluene), a suitable composition for both the monomer as well as the initiator 

microemulsion was found to be oil phase (monomer or a toluene solution of the initiator, 

respectively):SDS:pentanol:water in a mass ratio of 4:10:5:81. A comparable composition of 

both microemulsions was considered beneficial in order to ensure the stability of the system 

upon mixing both microemulsions. Polymerizations employing different molar equivalents of 

monomer to initiator in the range of 5,000 – 40,000 were conducted under these conditions by 

addition of appropriate amounts of the initiator microemulsion to the monomer 

microemulsion under intense stirring (Table 3.2, entries 1 – 4). Immediate evolution of a high 

fluorescence intensity evidenced fast initiation of the labeled Ru alkylidene, which in turn 

indicated that the ROMP reaction proceeds under these microemulsion conditions. 

Table 3.2:  Aqueous microemulsion polymerizations of M1  applying initiators HG II-PDI and 

HG II.
a
 

entry initiator equiv
b
 

Mn
c 

[10
6
 g mol

-1
] 

Mw/Mn
c
 

DN 
d
 

[nm] 

QY
e
 

[%] 

1 HG II-PDI 5,000 2.5 1.19 21 80 

2 HG II-PDI 10,000 3.6 1.17 23 81 

3 HG II-PDI 20,000 2.5 1.34 29 88 

4 HG II-PDI 40,000 3.1 1.25 33 91 

5 HG II 5,000 1.9 1.42 22 - 

6 HG II 10,000 2.8 1.29 26 - 

7 HG II 20,000 3.6 1.16 31 - 

8 HG II 40,000 4.5 1.08 31 - 

a
Polymerization temperature 25  °C; reaction time 20 min; 4.0 wt% M1 , 10 wt% 

SDS, 5 wt% pentanol,  81 wt% water.  
b
Molar equivalents of monomer to initiator. 

c
Determined by GPC in THF vs.  polystyrene standards. 

d
Number average particle 

size determined by DLS. 
e
Fluorescence quantum yield.

 

Molecular weights of isolated unsaturated bulk material, which was obtained by 

precipitation of the aqueous dispersion in methanol, as determined by GPC (in THF vs. PS 

standards) typically amount to Mn = (2 – 3) × 10
6
 g mol

-1
, independent of the initial monomer-

to-initiator ratio within experimental error, with a narrow molecular weight distribution of 

Mw/Mn = 1.1 – 1.4. Due to their tendency for spontaneous crosslinking, precipitation in 

methanol containing small amounts of BHT and subsequent storage of isolated 

poly(cyclooctenes) under an inert gas atmosphere at reduced temperature was found to be 
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essential in order to retain their solubility.
223

 Similar results were obtained with the unlabeled 

analog HG II under otherwise identical conditions (Table 3.2, entries 5 – 8). Noteworthy, 

molecular weight determination of unsaturated poly(cyclooctene) obtained by ROMP in 

homogenous solution via 
1
H NMR spectroscopic end group analysis revealed that the GPC 

method applied here overestimates these molecular weights by a factor of ~2 (cf. 

Chapter 5.3.2). Additionally, these molecular weights approach the upper limit of the GPC 

device applied. As a consequence, separation is effective only to a limited extent which could 

impact apparent molecular weight distributions. Thus, molecular weights determined on the 

hydrogenated polymers more accurately reflect true values, since they are determined via 

triple detection as a detection method (combination of refractive index, light scattering and 

viscosimeter detector) which allows for the measurement of absolute molecular weights by 

comparison to apparent molecular weights of the unsaturated poly(cyclooctene) vs. PS 

standards (cf. Chapter 3.4.1). 

Number average particle sizes of DN = 21 – 33 nm, slightly increasing with a higher 

monomer-to-initiator ratio, with a narrow particle size distribution of typically < 0.1 were 

determined via dynamic light scattering (DLS). Note that prior to these measurements all 

dispersions were extensively dialyzed against deionized water since upon dialysis typically a 

slight decrease of the particle size was observed via DLS, presumably due to the removal of 

toluene which swells the particles. Regarding the colloidal stability of the dispersions 

obtained via this approach, no coagulation or any change of the particle size distribution was 

observed over > 12 months. The preparation of fluorescence labeled aqueous polymer 

nanoparticle dispersions via this route was found to be amenable to upscaling, i.e., no 

undesirable effects, such as an increased particle size or size distribution, were observed upon 

increasing the batch size, even allowing the synthesis of ~ 100 mL of dispersion in a single 

reaction. 

Decreasing fluorescence quantum yields of the labeled aqueous nanoparticle dispersions 

with an increasing number of incorporated dye molecules per nanoparticle were observed, i.e., 

a quantum yield of 80 % was determined in the case of an initial monomer-to-initiator ratio of 

5,000 vs. 91 % when a ratio of 40,000 was applied (Table 3.2, entries 1 and 4). In comparison, 

a quantum yield of 93 % for the free PDI dye 6 in toluene was determined. This finding 

presumably can be attributed to inner filter effects and/or interactions of the PDI molecules 

among themselves within the particles at increased PDI loadings, such as -stacking of the 

perylene motifs. Nearly complete monomer consumption (> 90 %) was observed via 

gravimetric procedures after stirring for 20 min for all entries of Table 3.2 (Figure 3.7). In 
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comparison, ROMP of M1 applying HG II in homogenous solution generally proceeds 

considerably faster. Under such conditions complete monomer consumption typically is 

observed within seconds, i.e., conducting the polymerization in compartmented reaction 

spaces apparently influences the ROMP kinetics (cf. Chapter 3.3.2). 

 

Figure 3.7:  Conversion of M1  during an aqueous microemulsion polymerization 

(monomer/initiator  = 20,000) with HG II (blue triangles) and HG II-PDI  (red squares) over 

time determined by precipitating aliquots after defined time intervals in MeOH, indicating 

complete reaction after ~  20 min.  

Initiator HG II-PDI was stable under these microemulsion conditions, as concluded from 

the finding that no significant change of the fluorescence intensity of such an initiator 

microemulsion was observed over 1.5 h (Figure 3.8). Upon addition of appropriate amounts 

of the monomer microemulsion, fast initiation occurred as evidenced by a rapid increase of 

the fluorescence intensity. The subsequent slow decrease of the fluorescence intensity 

presumably can be attributed to the fact that the dispersions typically slightly become turbid 

upon polymerization. However, note in this context that they become clear upon extensive 

dialysis. 

 

Figure 3.8:  Fluorescence intensity of an aqueous microemulsion of initiator HG II-PDI at  

20 °C over time, addition of M1  microemulsion after 90 min.  
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The covalent incorporation of the PDI dye to the polymer chain end was demonstrated by 

repeated dissolving of isolated labeled polymer in CH2Cl2 and subsequent precipitation in 

acetone. Neither loss of color of the polymer nor coloration of the solvent was observed even 

after several such cycles. Other possibilities to demonstrate a covalent attachment, such as 

GPC measurements with UV detection or NMR spectroscopy, were prohibited by the 

typically high molecular weights of the polymers synthesized via this procedure. 

Other microemulsion compositions were examined in order to study their influence on the 

resulting particle size. However, in the case of the initiator microemulsion already slight 

alterations of the initial composition resulted in an insufficient microemulsion formation. By 

comparison, stable monomer microemulsions were found to exist in a slightly broader regime. 

Various monomer microemulsions with different mass ratios of oil phase:SDS:pentanol:water 

in the range of 1–4:10:5–9:80–81 were generated, including the addition of up to 3.75 wt% 

toluene in order to dilute the monomer in the oil phase which was hypothesized to result in 

smaller particle sizes upon polymerization. However, in all cases no significant influence of 

the monomer microemulsion composition on the resulting nanoparticle size within 

experimental error of the DLS method was observed upon addition of appropriate amounts of 

the initiator microemulsion and subsequent polymerization. 

3.3.2 Initiation Efficiency of Ru Alkylidenes in Aqueous Microemulsion 

Polymerization 

Generally, complete and fast initiation of the Ru alkylidene during a ROMP reaction is 

desirable in order to ensure a well-controlled polymerization, e.g., in terms of resultant 

molecular weights. This especially applies to carbene functionalized initiator HG II-PDI, 

where complete initiation is desirable for a defined and efficient incorporation of the 

fluorescent moiety as a polymer chain end group. Methods which allow for the quantitative 

analysis of the initiation efficiency of Ru alkylidenes during the ROMP in such a 

heterogeneous aqueous system are scarce. Hence, rather than directly monitoring the reaction, 

a qualitative approach was followed in order to evaluate the initiation efficiency of 

HG II-PDI under these microemulsion conditions. 

The finding that no free dye was observed upon termination of a HG II-PDI-mediated 

microemulsion polymerization ([M1/HG II-PDI] = 10,000) with ethyl vinyl ether, 

subsequent precipitation in acetone, repeated reprecipitation of isolated material, and final 

evaporation of the solvent of the combined filtrate, suggests an efficient covalent 

incorporation of the fluorescence functionalization as a polymer chain end group and 
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consequently a considerable degree of initiation of the Ru alkylidene under these conditions. 

To underline this indication, as a control experiment the identical amounts of HG II-PDI and 

isolated unlabeled poly(cyclooctene) (separately synthesized via HG II-mediated 

microemulsion polymerization, [M1/HG II] = 10,000) were dissolved in CH2Cl2, stirred for 

30 min and worked up in the identical, previously described way (termination with ethyl vinyl 

ether, repeated reprecipitation in acetone, and evaporation of the solvent of the combined 

filtrate). As expected, free PDI dye was isolated, demonstrating the reliability of the former 

experiment. 

This efficient covalent incorporation of the PDI moiety under the microemulsion 

polymerization conditions applied as well as the narrow molecular weight distributions of 

isolated bulk material of typically < 1.3 (cf. Chapter 3.3.1) are in contrast to the ROMP of 

M1 employing either HG II-PDI or HG II in homogeneous solution (CH2Cl2). Under these 

conditons the degree of initiation generally was unfavorably low as determined by monitoring 

the reaction via 
1
H NMR or fluorescence spectrosocopy (vide infra) to yield polymers with 

rather broad molecular weight distributions of typically ≥ 1.6. This can be attributed to an 

unfavorably low ri/rp ratio under these conditions. Compared to the ROMP under 

microemulsion conditions, where complete monomer conversion was observed after ~20 min, 

the reaction under homogenous conditions is significantly faster since complete monomer 

consumption was observed after a few seconds. Thus, conducting the polymerization in small 

compartments in a multiphase aqueous microemulsion with a high substrate concentration 

present in the microemulsion droplets apparently significantly influences the polymerization 

kinetics and leads to an increased ri/rp ratio. A similar finding has been reported within a 

previous study, where a significantly enhanced control over the ROMP of a 7-oxanorbornene 

derivative in aqueous surfactant solution applying HG II as initiator has been observed, 

compared to the identical reaction conducted in homogenous organic solution.
123

 Therein, it 

has been demonstrated that the ki/kp ratio of the system under study is increased by two orders 

of magnitude when conducting the ROMP in an aqueous micellar solution compared to 

homogeneous conditions. 

A possible explanation for such a significantly improved initiation efficiency of HG II 

type initiators under aqueous emulsion conditions could be that these conditions impact the 

overall HG II mediated ROMP reaction by increasing the initiation rate and decreasing the 

propagation rate. The former could be attributed to the very high substrate concentration in 

the droplets under microemulsion conditions since it has been shown that the olefinic 

substrate participates in the rate-determining step of the initiation of HG II and that the 
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initiation rate is accelerated with increasing substrate concentrations.
79

 The latter could be 

explained by the assumption that water or pentanol present under these conditions act as 

reversible binding ligands, which could compete with the monomer for the Ru metal center of 

the initiated species, thus, resulting in a decreased propagation rate. 

A set of comparative experiments in homogeneous solution was performed in order to 

qualitatively evaluate the above assumptions. For this purpose, the initiation of HG II-PDI 

during the ROMP of M1 in homogeneous toluene solution with increasing monomer 

concentrations, i.e., increasing monomer-to-initiator ratios, was followed via fluorescence 

spectroscopy (Figure 3.9a). Addition of ethyl vinyl ether at the end of each reaction in order 

to terminate non-initiated HG II-PDI was necessary to obtain a reference fluorescence 

intensity corresponding to complete initiation. Note in this context that monitoring this 

initiation step via NMR spectroscopy was not possible, since complete monomer consumption 

occurred extremely fast prior to homogeneous mixing of the sample and consequently there 

was no observable change in the intensity of the initiator´s carbene peak at  = 16.59 ppm in 

CD2Cl2 and no propagation species were observed. 

 

Figure 3.9:  Fluorescence intensity increase over time at   = 619 nm during the reaction of 

HG II-PDI (1.5 × 10
-5

 M) with (a) trans-cyclooctene M1  applying different initial monomer -

to-initiator ratios and (b) different amounts of isolated poly(cyclooctene) (prepared via G I-

mediated living ROMP of M1  in homogeneous solution, [M1/G I]0 = 500, cf. Chapter 5.3.2)  

representing different M1/HG II-PDI  ratios in toluene at 20 °C. Non-initiated HG II-PDI was 

terminated by the addition of excess ethyl vinyl ether in order to obtain a reference  

fluorescence intensity corresponding to complete initiation.  

Generally, a low degree of initiation was observed in all cases, however, upon doubling 

the initial monomer-to-initiator ratio from [M1/HG II-PDI]0 = 10,000 to 

[M1/HG II-PDI]0 = 20,000 under otherwise identical conditions 

([HG II-PDI]0 = 1.5 × 10
-5

 M), the degree of initiation increased from 6 % in the former to 

13 % in the latter case. Further increasing the initial monomer concentration was hampered by 

the associated increase of the viscosity upon polymerization that severely perturbed the 

measurement. However, a further increased degree of initiation under these conditions 
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became evident. These results suggest that at the very high substrate concentration in the 

droplets under microemulsion conditions, a comparably high degree of initiation of the Ru 

alkylidene seems to be plausible. The further slow increase of the fluorescence intensity upon 

an initial fast initiation step that was observed in all cases can be attributed to reaction of 

residual, non-initiated HG II-PDI with unsaturated polymer. This was verified by monitoring 

the reaction of HG II-PDI with different amounts of isolated poly(cyclooctene), which had 

been synthesized via G I-mediated living ROMP of M1 in homogeneous solution 

([M1/G I]0 = 500) (cf. Chapter 5.3.2). While only a slow reaction of HG II-PDI was 

observed applying a low theoretical monomer-to-initiator ratio of 1,000, i.e., a low polymer 

concentration, a comparably fast reaction occurred at a tenfold increased polymer 

concentration (Figure 3.9b). Thus, initiation of HG II-PDI and consequently incorporation of 

the fluorescence functionality under microemulsion polymerizations most likely can occur by 

two distinct pathways, that is, reaction with monomer M1 as well as cross metathesis of the 

initial Ru alkylidene precursor with unsaturated polymer being formed. 

In conclusion, the narrow molecular weight distributions of resulting polymers as well as 

the virtually complete covalent incorporation of the desired fluorescence functionality under 

microemulsion conditions can be attributed to a favorably increased ri/rp ratio compared to the 

identical reaction in homogeneous solution. This can be rationalized by the combination of 

two effects: First, the decrease of the propagation rate due to reversibly binding ligands 

present under these conditions (such as water or pentanol) and second, the increase of the 

initiation rate due to the very high substrate concentration in the microemulsion droplets. 

Most likely, to some extent reaction of non-initiated Ru alkylidene with polymer being 

formed also represents a pathway for the incorporation of the desired fluorescence 

functionality as a chain end group. 

3.4 Aqueous PE Nanocrystal Dispersions 

3.4.1 Post-Polymerization Hydrogenation in Dispersion 

Saturated PE nanoparticles were obtained via hydrogenation of the as-obtained 

unsaturated aqueous poly(cyclooctene) dispersions (Figure 3.10). As a consequence of the 

hydrogenation process, a lamella forms by crystallization of saturated PE segments in the 

nanoscale droplets to yield anisotropic PE nanocrystals. For this purpose ruthenium 

alkylidene G II, which was previously quenched with ethyl vinyl ether to yield the 

corresponding Fischer carbene complex (NHC)(PCy3)(Cl)2Ru=CHOEt in order to suppress 

any undesired secondary metathesis activity (cf. Chapter 3.2.2), was applied as a 
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hydrogenation catalyst. Ru complexes, such as Grubbs-type Ru alkylidenes, have been shown 

to be applicable for the reduction of polymers derived from ROMP under mild 

conditions.
224,225

 This hydrogenation catalyst was added to the aqueous unsaturated 

poly(cyclooctene) dispersion in the form of an aqueous o/w microemulsion of the same 

composition as the initial monomer and initiator microemulsions (4 wt% toluene solution of 

hydrogenation catalyst, 10 wt% SDS, 5 wt% pentanol, 81 wt% water) in order to retain the 

colloidal stability of the system. 

 

Figure 3.10:  Schematic representation of  the hydrogenation process of unsaturated 

poly(cyclooctene) nanoparticles in aqueous dispersion to obtain anisotropic PE nanocrystals.  

Covalently attached PDI dye molecules are incorporated into the amorphous layers,  which 

cover the crystalline lamella.  For the sake of clarity, the adsorbed SDS mo lecules are not 

shown in the case of the PE nanocrystal.  

The hydrogenation procedure was optimized in order to find conditions, where saturation 

of the polymer backbone in the nanoparticles proceeds completely, while meeting two major 

criteria: First, colloidal stability of the nanoparticulate structures under the conditions applied 

had to be ensured in order to avoid formation of undesired coagulate. Second, use of a 

minimal amount of hydrogenation catalyst was desirable, regarding the intended application 

of the resultant PE nanocrystals as model system for studies in biological systems, in which 

catalyst residues in the nanoparticles formed possibly can have an undesirable impact on the 

experiment, e.g., due to their potential toxicity. In addition, residual Ru species in the 

nanoparticles were found to lead to fluorescence quenching of the incorporated PDI dye and, 

thus, lower fluorescence quantum yields, making it further desirable to apply as little of the 

hydrogenation catalyst as possible. In order to identify appropriate reaction conditions, 

multiple hydrogenation experiments using individual samples of the identical unsaturated 

polymer dispersion (Table 3.2, entry 3) as a testing system were conducted in a temperature 

range of 50 – 70 °C applying different molar ratios of monomer units to hydrogenation 

catalyst of 1,600 – 5,000 at a H2 pressure of typically 50 bar. For a molar ratio of monomer 

units to hydrogenation catalyst of 2,500 virtually complete hydrogenation (> 99.9 %) after 

65 h at an elevated temperature of 65 °C was observed, as concluded from the absence of 
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olefinic resonances at  = 5.35 ppm in 
1
H NMR spectra and from the absence of =CH 

vibrations at 667 cm
-1

 (cis) and most prominently at 965 cm
-1

 (trans) of isolated bulk material 

(Figure 3.11). 

 

Figure 3.11:  (a) 
1
H NMR spectra of unsaturated poly(cyclooctene) (top; 400 MHz, CDCl3,  

25 °C; Table 3.2, entry 3) and resulting PE after hydrogenation (bottom; 400  MHz, C2D2Cl4 ,  

130 °C; Table 3.3, entry 2). (b) ATR-IR spectra of unsaturated poly(cyclooctene) (black; Table 

3.2, entry 3) and resulting PE after hydrogenation (red; Table 3.3, entry 2). 

The ATR-IR spectrum of isolated bulk material (cf. Table 3.3, entry 2) after 

hydrogenation exclusively features the typical PE absorbances at 𝜈 = 2915 cm
-1

 and 
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2848 cm
-1

 for the CH stretching vibration, and at 𝜈 = 1463 cm
-1

 and 𝜈 = 718 cm
-1

 for 

the -CH2- scissoring and rocking vibration, respectively. The H2 pressure applied only played 

a minor role as no effect was observed upon varying the pressure in the range from 20 –

 100 bar, whereas lower monomer-to-hydrogenation catalyst ratios and temperatures typically 

resulted only in partial saturation. 

Different unsaturated poly(cyclooctene) dispersions generated by employing varying 

molar equivalents of monomer to initiator during the microemulsion polymerization process 

applying either labeled initiator HG II-PDI or the unlabeled equivalent HG II were 

hydrogenated via this method (Table 3.3). 

Table 3.3:  Hydrogenation of unsaturated poly(cyclooctene) dispersions.
a
 

entry initiator
b 

equiv
c
 

Mn
d 

(10
5
 g 

mol
-1

) 

Mw
d 

(10
5
 g 

mol
-1

) 

Mw/Mn
d
 

DN 
e
 

(nm) 

Tm
f
 [°C] 

(cryst. [%]) 

1 HG II-PDI 10,000 3.65 5.31 1.46 32 136.3 (60) 

2 

(NP-1) 
HG II-PDI 20,000 5.96 8.14 1.36 34 136.8 (61) 

3 HG II 10,000 4.12 5.98 1.45 29 135.1 (54) 

4 

(NP-2) 
HG II 20,000 8.35 11.71 1.40 33 137.2 (60) 

a
Hydogenation conditions: 100 bar H2, 65 °C, 65 h, addition of an aqueous microemulsion of G II 

(quenched with ethyl vinyl ether), monomer/G II = 2,500. 
b
Initiator used in the microemulsion 

polymerization process. 
c
Molar equivalents of monomer to initiator during the microemulsion 

polymerization process. 
d
Determined by GPC at 160 °C in TCB using triple detection. 

e
Number average 

particle size determined by DLS. 
f
Peak melting point and crystallinity determined by DSC on nascent 

powders obtained from precipitation of the aqueous dispersion. 

Molecular weights of hydrogenated isolated bulk material were found to be lower than 

theoretically expected based on the initial monomer-to-initiatior ratio applied during 

polymerization as determined by GPC (in TCB at 160 °C using triple detection). Comparable 

to unsaturated polymers prior to hydrogenation, molecular weights of hydrogenated material 

were slightly dependend on the initial monomer-to-initiator ratio: While a molecular weight 

of Mn ~ 4 × 10
5
 g mol

-1
 was found for a monomer-to-initiator ratio of 10,000 (Table 3.3, 

entries 1 and 3), a molecular weight of Mn = (5 – 8) × 10
5
 g mol

-1
 was obtained for an initial 

monomer-to-initiator ratio of 20,000 (Table 3.3, entries 2 and 4; Table 4.1). A rather narrow 

molecular weight distribution of typically Mw/Mn = 1.4 was obtained for all entries of Table 

3.3, demonstrating the absence of undesired side reactions, such as secondary metathesis, 

during hydrogenation. Polymer molecular weight distributions and the finding that molecular 

weights do not vary strongly with the monomer-to-initiator ratio suggest that a certain extent 

of backbiting occurs during polymerization at the high substrate concentration present in the 
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microemulsion droplets. Possibly at high conversions also reaction of HG II-PDI with 

already formed polymer can occur to yield dye-functionalized chain ends. 

 

Figure 3.12:  DLS size distribution by number of labeled nanoparticles before (dashed; Table 

3.2, entry 3) and after (solid line; NP-1 ,  Table 3.3, entry 2) hydrogenation.  

Particle sizes and particle size distributions as determined by DLS remained unaltered 

during this hydrogenation procedure, indicating that the reaction occurs in individual particles 

which preserve their identity (Figure 3.12). In this context it is noteworthy that strong shear 

forces, such as intense stirring, during hydrogenation have to be avoided since this was found 

to lead to partial coagulation and slightly broadened particle size distributions. 

 

Figure 3.13:  (a) Aqueous dispersion of labeled PE nanocrystals NP-1  (Table 3.3, entry 2) 

under ambient (left)  and UV light (right). (b)  Labeled PE obtained by precipitation of an 

aqueous nanoparticle dispersion (Table 3.3, entry 2) in MeOH under ambient (left) and UV 

light (right).  (c) Absorption (dashed) and fluorescence (solid line) spectra of labeled aqueous 

dispersions before (black; Table 3.2, entry 3) and after (red; NP-1 ,  Table 3.3, entry 2) 

hydrogenation as well as PDI dye 6  dissolved in toluene for comparison (blue) . 
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Fluorescence spectroscopy on a labeled nanoparticle dispersion before (Table 3.2, entry 3) 

and after (NP-1, Table 3.3, entry 2) hydrogenation as well as on PDI dye 6 dissolved in 

toluene for comparison showed no significant alteration in absorption and emission spectra 

(Figure 3.13). This confirms the retained intact nature of the dye throughout the synthesis 

process. Additionally, the stability of PDI dye 6 in the presence of this hydrogenation catalyst 

under even more drastic hydrogenation conditions (130 °C, 30 bar H2, 66 h) has been 

demonstrated in a comparative experiment (cf. Chapter 5.4.2), further verifying the stability 

of the PDI dye used under the hydrogenation conditions applied here. In contrast to the 

labeled nanoparticles prior to hydrogenation, where the fluorescence quantum yields slightly 

depend on the initial monomer-to-initiator ratio (vide supra), quantum yields of hydrogenated 

PE nanocrystals were found to be mainly controlled by residual Ru originating from the 

hydrogenation catalyst which leads to decreased quantum yields. Typically, quantum yields in 

the range of 60 – 75 % were observed after extensive dialysis of the resultant PE nanoparticle 

dispersions. 

Regarding the localization of the PDI molecules in the semicrystalline PE nanoparticles, 

they are anticipated to be incorporated into the amorphous region surrounding the nanocrystal 

(cf. Figure 3.10). This appears to be conclusive due to the pronounced sterical demand and 

hydrophobicity of the PDI dye employed, excluding its localization in the polymer crystalline 

phase and the surrounding aqueous phase, respectively. This assumption is supported by the 

previously reported finding that hydrophobic dye molecules are preferentially localized in the 

amorphous periphery of PE nanocrystals.
162

  

 

Figure 3.14:  DSC traces of unsaturated poly(cyclooctene) (a; Table 3.2, entry 3) and resulting 

PE after hydrogenation (b; Table 3.3, entry 2). 

Differential scanning calorimetry (DSC) on nascent powders of hydrogenated bulk 

material obtained from precipitation of corresponding aqueous dispersions typically revealed 

a peak melting point of Tm = 135 – 137 °C associated with a melt enthalpy of Hm = 160 –

 180 J g
-1

, which corresponds to crystallinities of 54 – 61 %, vs. a peak melting point of 
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Tm = 10 °C for unsaturated poly(cyclooctene) (Figure 3.14). This confirmed the crystalline 

nature of the as-obtained PE nanoparticles. A slightly increasing peak melting point of 

hydrogenated bulk material with an increasing monomer-to-initiator ratio applied during 

microemulsion polymerization is in accordance with the finding of a slightly increasing PE 

molecular weight with higher molar ratios of monomer to initiator. 

3.4.2 Morphology of Resultant PE Nanocrystals 

Since the DLS method employed (single angle 173° backscattering) is prone to some error 

in the size regime of the particles studied here and per se cannot provide information on the 

nanoparticle shape, the resultant PE nanocrystals were further studied via microscopic 

methods. Noteworthy, the aqueous nanoparticle dispersions were extensively dialyzed prior to 

these investigations in order to remove the large excess of SDS originating from the 

microemulsion polymerization process which otherwise led to severe measurement artifacts. 

Transmission electron microscopy (TEM) on these particles revealed an anisotropic 

oblate-like shape with straights edges, resembling a crystal habitus (Figure 3.15a). The 

typically hexagonal shape observed at high magnification is characteristic for single 

crystalline PE nanoparticles (cf. Chapter 1.2.3). This non-spherical shape was further 

confirmed by tilting the sample in the electron microscope, since the particle appearance 

considerably changed upon tilting the sample by 60° (Figure 3.15b). Thus, the apparent 

different particle shapes in the TEM images obtained can be attributed to different nanocrystal 

orientations under these conditions rather than different particle morphologies. The different 

gray scales for different particles similarly can be attributed to varying particle orientations, 

since the length of the optical path through a platelet depends on its orientation with respect to 

the electron beam. According to these measurements, the particles typically possess an 

equatorial diameter of ca. 45 nm and a height of ca. 12 – 16 nm, i.e., they exhibit a 

significantly shorter extension along the z-direction. Note, that the nanocrystal thickness was 

determined from particles oriented parallel to the electron beam. These particle dimensions 

determined by TEM are in good agreement with DLS measurements, which typically revealed 

a number average particle size of ~30 nm (cf. Chapter 3.4.1). These findings indicate that the 

PE nanocrystals obtained exhibit a single crystalline habitus, where the crystalline lamella is 

sandwiched between two amorphous layers (cf. Figure 3.10). Note that the thickness of the 

obtained lamella and consequently the particle shape are determined by the crystallization 

conditions, especially by the temperature.
160,169

 For crystallization under the hydrogenation 
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conditions applied here (65 °C) a crystal thickness in the range of the observed particle height 

is expected, indicating that the nanocrystals consist of a single lamella. 

 

Figure 3.15:  TEM images of fluorescence labeled PE nanocrystals NP-1  (Table 3.3, entry 2).  

(a) Overview and close-up of a single particle demonstrating a typical hexagonal shape. 

(b) Close-up of a single particle (top), sample tilted by 60° (bottom). (c)  Sample stained with 

phosphotungstic acid to increase contrast.  

Nanocrystal sizes as well as morphologies were found to be independent of the monomer-

to-initiator ratio applied in the polymerization step. In all cases (cf. Table 3.3) uniform 

anisotropic PE nanocrystals exhibiting nearly identical particle dimensions were obtained. 

The narrow particle size distribution as well as the uniform anisotropic nanocrystal shape 

becomes even more evident upon staining the TEM sample with phosphotungstic acid (Figure 

3.15c). Uniformly shaped nanoparticulate structures, with respect to particle size and 

morphology, were observed under these conditions, in contrast to unstained samples, where 
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generally seemingly various nanoparticle shapes were observed due to different particle 

orientations (vide supra). Thus, apparently under these conditions the nanocrystals 

preferentially acquire a flat-on orientation on the substrate, which clearly verifies their 

uniform nanoparticle morphology. 

 

Figure 3.16:  AFM height images of fluorescence labeled PE nanocrystals  NP-1  (Table 3.3, 

entry 2) spin-coated onto a glass substrate and corresponding height cross sections.  

These findings are well supported by atomic force microscopy (AFM) measurements on 

individual nanocrystals spin-coated onto a glass substrate from very dilute dispersions. 

Typically, a particle height of 12 – 18 nm was found, which conclusively underlines the 

previous assumption that the particles consist of a single crystalline lamella (Figure 3.16). The 

small dots observed in addition to the PE nanocrystals presumably can be attributed to 

crystallized SDS aggregates. Note in this context that the topographic profile of the 
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nanocrystals determined by AFM does not truly reflect the particle shape due to convolution 

effects, such as feature broadening which occurs when the tip curvature radius is comparable 

or greater in size than the object under investigation.
226

 However, these effects have no 

influence on the object height which enables a precise determination of the nanoparticle 

height via AFM. 

3.5 Tracing of Fluorescence Labeled PE Nanocrystals in 

Biological Systems 

3.5.1 Tracing in HeLa Cells via Confocal Fluorescence Microscopy 

The applicability of these labeled PE nanocrystals for cell internalization experiments and 

tracing in biological systems via fluorescence microscopy was probed by incubation of 

adherent live HeLa cells. This human cell line, which was established in 1951 and has been 

derived from cervical cancer cells taken from the patient Henrietta Lacks, traditionally is a 

popular model in biological research, mainly due to its relatively easy handling and good 

availability. The nanoparticle dispersions applied were extensively dialyzed against water 

prior to these incubation experiments in order to remove the large excess of SDS (10 wt%) 

and other undesired impurities (e.g. pentanol) originating from the synthesis process, to 

typically result in a residual SDS content of < 0.15 wt% and a polymer content of > 1.2 wt% 

(for a more detailed characterization of PE nanocrystal dispersions applied for these 

incubation studies cf. Chapter 3.5.2). This was found to be crucial in order to avoid undesired 

toxic effects of these nanocrystal dispersions during incubation experiments. 

In order to demonstrate the colloidal stability under typical incubation conditions, which is 

essential in order to maintain the parameters of the system under investigation and in turn to 

guarantee a well-defined experiment, labeled PE nanocrystal dispersion NP-1 (Table 3.3, 

entry 2) was diluted with cell growth medium. No coagulation or significant increase of the 

nanoparticle size was observed via DLS measurements. Even after 68 h in cell growth 

medium at typical incubation conditions of 37 °C nanoparticles NP-1 were found to be 

colloidally stable (Figure 3.17). The slight increase in size determined by DLS presumably 

can be attributed to the formation of a protein-corona due to adsorption of proteins within the 

growth medium to the nanoparticle surface (cf. Chapter 3.1). This high stability under such 

conditions is not self-evident, since the colloidal stability of nanoparticles stabilized by 

electronic repulsion of ions attached to the nanoparticle surface is known to be very sensitive 

to the salt concentration of the surrounding medium, which can be expected to be comparably 

high in the case of cell growth medium. This excellent colloidal stability also justified the use 
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of these PE nanocrystals for long-term experiments in a more complex biological system over 

a period of several weeks (cf. Chapter 3.5.2). 

 

Figure 3.17:  DLS size distribution by number of labeled PE nanocrystals  NP-1  (Table 3.3, 

entry 2) in water (black), in cell growth medium after 68  h at 37 °C (blue) and of the neat 

growth medium (red).  

The HeLa cells were incubated with labeled PE nanoparticles NP-1 following a previously 

reported procedure by simple medium exchange.
227

 For this purpose, the cells were seeded in 

culture medium at a density of ~50 × 10
3
 cells/cm

2
 (10

5
 cells per well) and the desired amount 

of nanoparticle dispersion was added to the cell-containing well, respectively. Cellular 

nanoparticle uptake was allowed to proceed for 24 h at 37 °C under a 5 vol.-% CO2 

atmosphere, upon which the cells were fixed with paraformaldehyde (PFA). 

Typical incubation amounts were in the range of 0.25 – 6 picograms of PE nanocrystals 

per cell, roughly corresponding to 2.5 – 60 × 10
3
 particles per cell (corresponding incubation 

concentrations were in the range of 20 – 500 ng of PE nanocrystals ≙ 0.2 – 5 × 10
9
 particles 

per mL of growth medium). Subsequent confocal fluorescence microscopy on these cells 

clearly demonstrated an efficient cellular uptake of PE nanocrystals under these conditions 

and verified their traceability even at particle incubation amounts as low as ~2,500 particles 

per cell (Figure 3.18). Apparently, the nanoparticles do not penetrate into the cell nucleus, as 

no increased fluorescence intensity could be detected within the nucleus region upon 

incubation with the labeled nanoparticles. This finding, that fluorescence intensity deriving 

from the labeled nanoparticles is only detected in the cytosol and not in the nucleus region or 

the surrounding of the cells, points to an uptake of the particles into the cells, rather than 

simple deposition on the cell surface or the bottom of the sample. Noteworthy, the integrated 

fluorescence intensity within the cells under identical measurement conditions qualitatively 

was found to correlate with the nanoparticle concentration applied during the incubation 

procedure, respectively, i.e., apparently the amount of particles taken up by the cells depends 
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on the nanoparticle concentration within the surrounding medium. This finding has already 

been reported previously, where it has been demonstrated that this integrated fluorescence 

intensity asymptotically approaches a maximum value, which does not further increase with 

increasing particle concentrations, and it has been hypothesized that this can be attributed to 

the limited uptake capacity of the cells.
6
 

 

Figure 3.18:  Confocal fluorescence images  (left),  brightfield images of the identical region 

(middle) and overlays of both images (right)  of fixed HeLa cells incubated with increasing 

amounts of labeled PE nanocrystals NP-1  for 24 h (0.5 (a), 2.5 (b) and 6.0 (c)  picograms of PE 

nanocrystals per cell, corresponding to incubation concentrations of 40, 200 and 500  ng of PE 

nanocrystals per mL of growth medium, respectively) . 

The uptake of the nanoparticles into the cells under these incubation conditions and their 

localization within the cellular cytosol was further proved by recording fluorescence 

microscopy images at varying z-positions of the confocal plane. By comparison of a cross-

section through the cell layer and of the same area at the bottom of the sample, it could be 
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shown that the nanoparticles evidently are located within the cytosol, rather than being 

deposited on the cell surface or the bottom of the sample (Figure 3.19). 

 

Figure 3.19:  Confocal fluorescence images at varying z-positions of the confocal plane  of 

fixed HeLa cells incubated with labeled PE nanocrystals NP-1  for 24 h (6 picograms of PE 

nanocrystals per cell,  at an incubation concentration of 500  ng of PE nanocrystals per mL of 

growth medium). a)  Cross-section through the cell layer. b)  Bottom of the sample.  

In order to verify that the fluorescence intensity detected can be attributed to the labeled 

nanoparticles and does not originate from autofluorescence of cellular components, 

fluorescence microscopy images of untreated cells were recorded as a reference under 

identical conditions. No fluorescence intensity could be detected under typical measurements 

conditions, verifying that the fluorescence signals within the cells detected upon treating the 

cells with labeled PE nanocrystals NP-1 evidently originate from the particles rather than 

from any other potential sources within the cells. 

 

Figure 3.20:  Confocal fluorescence image (left)  of fixed HeLa cells incubated with 

~40 picograms of labeled PE nanocrystals NP-1  per cell (at a concentration of 3.3  µg of PE 

nanocrystals per mL of growth medium) for 24  h, brightfield image of the identical region 

(middle) and overlay of both images (right) . The anomalous, spherical cellular morphology 

clearly indicates a cytotoxic effect at this increased nanoparticle loading.  
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Noteworthy, while no cytotoxic effects were observed when incubating the cells with 

particle concentrations in the above-mentioned range of 0.25 – 6 picograms of PE 

nanocrystals per cell (at an incubation concentration of 20 – 500 ng of PE nanocrystals per 

mL of growth medium), an anomalous, spherical cellular morphology was observed at 

extremely high incubation concentrations of typically ≥ 30 picograms of PE nanocrystals per 

cell (at an incubation concentration of ≥ 2.5 µg of PE nanocrystals per mL of growth medium) 

(Figure 3.20). This presumably can be attributed to the resulting high nanoparticle 

concentration within the cells and corresponding yet not completely understood effects, rather 

than to residual contaminants within the aqueous nanoparticle dispersion applied, since no 

toxic effects were observed upon treating the cells with even higher amounts of isolated 

solvent free of nanoparticles, which has been obtained by ultrafiltration of the dispersion (cf. 

Chapter 3.5.2). 

These experiments demonstrate an excellent traceability of these labeled PE nanocrystals 

in complex biological environments via common confocal fluorescence microscopy 

techniques also at rather low particle concentrations of a theoretical maximum of 

~2,500 particles per cell. 

3.5.2 PE Nanocrystals as Model System for Long-Term Nanotoxicity 

Studies 

Fluorescence labeled PE nanocrystals NP-1 (Table 3.3, entry 2) and corresponding 

unlabeled equivalents NP-2 (Table 3.3, entry 4) were applied as a model for the evaluation of 

toxic effects of biopersistent, chemically inert nanoparticles to the developing nervous system 

upon chronic, long-term exposure. The effects of (engineered) nanoparticles on human neural 

development have not been investigated so far, presumably due to the challenging 

requirements with respect to a suitable testing system, involving both an appropriate in vitro 

model as well as tailor-made nanoparticles, and the necessary interdisciplinarity to meet these 

prerequisites. This study was conducted in close cooperation with the Leist group, where the 

cell studies and further biological experiments in this section were performed and evaluated 

by Lisa Hölting.
228

 Due to their significance and as a demonstration of the suitability of the 

labeled PE nanocrystals developed in the framework of this thesis for studies in complex 

biological environments, the results obtained therein are briefly discussed in the following. 

Anticipated features of these labeled PE nanoparticles were their excellent colloidal 

stability even in demanding environments and over prolonged periods of time, in combination 

with an easy traceability via common fluorescence microscopic methods that enables their 



Fluorescence Labeled PE Nanocrystals and Their Tracing in Biological Systems 

70 

precise localization within the system under study. In addition, in contrast to the commonly 

and widely used inorganic nanoparticles that exhibit only a limited suitability for such long-

term investigations, amongst others since they are prone to partly dissolve over a longer 

period of time under physiological conditions and release metal ions which might impair 

these studies, PE is generally considered to be chemically and biologically inert and therefore 

lends itself as a model for bioaccumulating nanoparticles. 

Table 3.4:  Physicochemical properties of aqueous surfactant -stabilized PE nanocrystal 

dispersions applied for long-term nanotoxicity studies .
a
 

entry init.
b 

polymer 

content
c
 

(wt%) 

SDS 

content
d
 

(wt%) 

Ru 

content
e
 

(ppm) 

 
f
 

(mN m
-1

) 

 
g
 

(%) 

DN 
h
 

(nm) 
PDI 

h
 

 
i
 

(mV)

1 

(NP-1) 
HG II-

PDI 
1.29 0.15 ≤ 4 70 82 

34 

(44) 

0.09 

(0.16) 
-36 

2 

(NP-2) 
HG II 1.23 0.13 ≤ 4 65 72 

33 

(42) 

0.07 

(0.12) 
-30 

a
For a detailed characterization of polymer properties cf. Table 3.3, entries 2 and 4. All dispersions were 

extensively dialyzed against water for typically ≥ 7 days. 
b
Initiator applied in the microemulsion polymerization 

process. 
c
Determined by precipitation of a defined amount of dispersion in MeOH, subsequent filtration, drying 

under vacuum and weighing of the precipitated polymer. 
d
Determined by removal of all volatile compounds of a 

defined amount of dispersion, subsequent weighing of the residue and subtraction of the polymer content from 

this solid content. 
e
Maximum content of Ru (w/w) within the nanoparticle dispersions, assuming that all Ru 

applied in the synthesis process remains within the nanoparticles. 
f
Surface tension of dispersion. 

g
Coverage of 

the nanoparticle surface by SDS, roughly estimated via equation 3. 
h
Number average particle size DN and 

particle size distribution PDI determined via DLS. The values in brackets refer to corresponding particle sizes in 

growth medium after 68 h at 37 °C. 
i
Zeta potential. 

 

A substantial drawback of many studies addressing the increasingly relevant and highly 

potential field of nanoparticulate structures and their interactions with biological systems is 

that they often lack essential information about the particles applied, e.g., in terms of particle 

sizes, surface charge, or solubility under experimental conditions.
187,189

 An evaluation of these 

studies and a comparison with each other, therefore, often is difficult to achieve. Along with 

these characteristics of the neat nanoparticles, possible contaminants deriving from the 

synthesis process have to be considered as well, since they potentially can influence the 

experimental outcome of the study, e.g., due to undesirable interactions of the contaminants 

with the system under investigation. Thus, a sufficient characterization of the nanoparticles, 

including possible impurities, is crucial in order to improve the value of the corresponding 

study. Consequently, the PE nanocrystal dispersions used in the framework of the study 

reported here were characterized in detail, following the general recommendations for a 

sufficient nanoparticle characterization,
187

 in order to enable a reliable interpretation of the 

results obtained (Table 3.4). 
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Number-average particle sizes as determined by DLS typically were in the range of 

DN ~ 34 nm with a narrow size distribution of < 0.1. Under experimental conditions, i.e. in 

growth medium, a slightly increased particle size of DN ~ 44 nm with a size distribution of 

~ 0.15 was determined (cf. Chapter 3.5.1). The polymer and SDS contents of the aqueous 

dispersions applied were determined by means of gravimetric procedures and typically were 

in the range of ≥ 1.2 wt% in the former and ≤ 0.15 wt% in the latter case, i.e. the polymer 

accounts for ≥ 90% of the entire solids content of the aqueous dispersions. For all dispersions 

a surface tension of ≥ 65 mN m
-1

 was determined, confirming the absence of SDS micelles 

and, thus, an efficient removal of free SDS via extensive dialysis. Consequently, remaining 

SDS apparently is completely adsorbed on the nanoparticle surface. Assuming a spherical 

particle shape and a condensed monolayer adsorption of SDS on the nanoparticle surface, the 

surface coverage by the head group of SDS (0.62 nm
2
)
229

 can be estimated by: 

 
𝜗 =

𝑦 ∙ 𝑁𝐴 ∙ 𝐴𝑆𝐷𝑆 ∙ 𝜌𝑃𝐸 ∙ 𝑑

6 ∙ 𝑥 ∙ 𝑀𝑆𝐷𝑆
 (equation 3) 

 𝜗 = particle surface coverage by SDS 

 𝑦 = SDS content of the dispersion 

 𝑁𝐴 = Avogadro constant 

 𝐴𝑆𝐷𝑆 = surface coverage by the head group of SDS 

(0.62 nm
2
)
229

 

 𝜌𝑃𝐸 = density of polyethylene 

 𝑑 = nanoparticle diameter 

 𝑥 = polymer content of the dispersion 

 𝑀𝑆𝐷𝑆 = molecular weight of SDS 

Accordingly, typically ≥ 70 % of the PE nanoparticle surface is covered by SDS. Note that 

this is rather a rough estimation, however, it gives an idea of the nature of the nanoparticle 

surface. In terms of catalyst residues originating from the synthesis process of these PE 

nanocrystals, they potentially could have an undesirable impact on the envisioned 

nanotoxicity studies since, e.g., Ru
II
 complexes were found to exhibit a good antitumor 

activity and have been shown to have prominent DNA binding properties.
230

 Assuming that 

all Ru employed during the synthesis procedure remains in the particles, a maximum metal 

content of typically ~330 ppm w/w within the polymer nanoparticles can be calculated, 

corresponding to a maximum Ru content of ~4 ppm within the aqueous dispersions. 

Consequently, for a typical long-term nanotoxicity experiment where the cells were exposed 

to 22.5 µg/mL of the PE nanocrystal dispersions (vide infra) a Ru concentration of 

≤ 90 pg/mL (≙ 0.9 nM) can be estimated. However, in this context it is worth to note that this 
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is the maximum theoretical amount of Ru, which in reality can be expected to be considerably 

lower due to extensive dialysis of the nanoparticle dispersions. The zeta potential of the 

aqueous PE nanocrystal dispersions was determined to be in the range of  = -30 – 36 mV. 

For the evaluation of toxic effects to the developing nervous system upon chronic 

exposure of these biopersistent PE nanocrystals, an in vitro human neural differentiation 

culture system was used, providing a three-dimensional neurosphere environment, thus 

mimicking the in vivo niche situation. Moreover, exposure can be chronic, over three weeks, 

thus modeling natural exposure to accumulating nanoparticles in the environment. Details 

concerning this test system can be found elsewhere.
228

 For an assessment of the typical 

toxicity range, acute toxicity of NP-1 was measured in HeLa cells after 48 h of incubation, 

where an EC50 value of 450 µg/mL (relating to the complete dispersion) was determined 

(corresponding to 5.8 µg of PE nanocrystals ≙ 5 × 10
10

 particles per mL of growth medium) 

(Figure 3.21a). Since the labeled PE nanocrystals at high concentrations interfered with the 

resazurin reduction assay, cell viability was indirectly assessed by measuring intracellular 

ATP content. 

 

Figure 3.21
2 82

:  (a) Intracellular ATP content after incubation of HeLa cells with indicated 

concentrations of PE nanocrystal dispersion NP-1  for 48 h, expressed as proportion of 

untreated (untr.) cells . (b) Intracellular ATP (left) and malondialdehyde (right) content after 

exposure of neurospheres to indicated concentrations of PE nanocrystal dispersio n NP-1  for 

48 h. The white circles represent comparative experiments applying isolated neat solvent free 

of nanoparticles (obtained via ultrafiltration of the respective dispersion), respectively.  
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As a reference experiment, the neat solvent free of nanoparticles of the identical 

dispersion, which was obtained by ultrafiltration (MWCO 10 kDa), was tested under 

otherwise identical conditions and no toxic effects were observed even at a concentration of 

1440 µg/mL, demonstrating that the observed toxicity in the former experiments related to the 

PE nanocrystals rather than to any impurities within the dispersion. Similarly, a dose-

dependent cytotoxicity was observed upon incubation of neurospheres with labeled PE 

nanocrystals NP-1 for 48 h, with an acute EC50 value of 696 µg/mL, as assessed by 

intracellular ATP content measurements (Figure 3.21b, left). Concerning a possible 

mechanism that induces these toxic effects, similar to many other nanoparticles oxidative 

stress seems to play a crucial role, since an increase of the intracellular malondialdehyde 

content, indicative for oxidative stress, with an increasing incubation concentration of the 

nanoparticle dispersion was observed after 48 h of exposure (Figure 3.21b, right). 

Noteworthy, neither a decrease of the intracellular ATP content nor an increase of the 

malondialdehyde content was observed upon treatment with the neat control solvent (free of 

nanoparticles) even at the highest concentration applied, thus further demonstrating that the 

toxic effects observed are caused by the PE nanoparticles rather than by undesired impurities 

within the aqueous dispersion. 

The incorporation of fluorescence labeled particles NP-1 into the neurospheres could be 

readily monitored via fluorescence microscopy and flow cytometry. After incubation for 48 h 

at a concentration of 360 µg/mL an effective nanocrystal uptake into the neurospheres could 

be verified via fluorescence microscopy (Figure 3.22a). Despite their three-dimensional 

structure, the nanoparticles penetrated deep into the neurospheres and incorporated into most 

of the cells, as verified via analysis of single-cell suspensions, which were prepared after 48 h 

of exposure to the nanoparticles, by flow cytometry (Figure 3.22b). At the highest incubation 

concentration applied (1440 µg/mL) more than 80 % of the cells were found to contain the 

labeled PE nanoparticles, which impressively verifies their ability to readily cross biological 

barriers. An efficient nanoparticle uptake into the neurospheres upon chronic exposure to 

labeled PE nanocrystals NP-1 for 18 days at an incubation concentration as low as 

22.5 µg/mL (corresponding to 300 ng of PE nanocrystals per mL of growth medium) could be 

readily monitored via fluorescence microscopy (Figure 3.22c). For these chronic, long-term 

incubation experiments the nanoparticle dispersion was replenished with each medium 

exchange, in order to provide a constant nanoparticle exposure over the whole course of the 

experiment. Cell viability measurements upon chronic exposure to unlabeled PE nanocrystal 

dispersion NP-2 for 18 days revealed EC50 values of 296 and 191 µg/mL when resazurin 
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reduction (Figure 3.23a) or ATP content (Figure 3.23b) were used for an assessment of cell 

viability, respectively. 

 

Figure 3.22
282

:  (a) Phase contrast (top) and corresponding f luorescence microscopic (bottom)  

image of untreated neurospheres (left) and neurospheres exposed to 360  µg/mL of fluorescence 

labeled PE nanocrystal dispersion NP-1  for 48 h (right). (b) Proportion of fluorescent cells 

determined by flow cytometry after incubation of  neurospheres with indicated concentrations 

of PE nanocrystal dispersion NP-1  for 48 h. (c) Phase contrast (top) and corresponding 

fluorescence microscopic (bottom) image of neurospheres upon chronic exposure to indicated 

concentrations of PE nanocrystal d ispersion NP-1  for 18 days. 

Upon chronic exposure of neurospheres to 22.5 µg/mL of NP-2 (corresponding to 280 ng 

of PE particles per mL of growth medium) for 18 days, a significantly decreased expression 

of several genes that are crucial for neural development compared to neurospheres which have 

been treated with the control solvent free of nanoparticles under otherwise identical 

conditions was observed via quantitative real-time PCR (qPCR) (Figure 3.23c). Thus, long-

term exposure of neurospheres to this low non-cytotoxic concentration, which was four times 

lower than the highest non-cytotoxic concentration, apparently affected neural differentiation. 

Noteworthy, no increase in gene expression of any of the markers analyzed was observed. At 

this point, however, it remains unclear whether and to what extent a reduction in the 

expression of these early neurodevelopmental genes would impact neural development in vivo 

and would provoke developmental neurotoxicity. 
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Figure 3.23
282

:  Cell viability as determined via resazurin reduction assay (a) and intracellular 

ATP content (b) upon chronic exposure of neurospheres to indicated concentrations of PE 

nanocrystal dispersion NP-2  for 18 days, expressed as proportion of untreated (untr.) cells.  The 

white circles represent comparative experiments applying isolated neat solvent free of 

nanoparticles (obtained via ultrafiltration of the respective dispersion), respectively. (c)  Gene 

expression determined via qPCR as fold change compar ed to solvent control (arbitrarily set to 

1) upon chronic exposure of neurospheres to 22.5  µg/mL of PE nanocrystal dispersion NP-2  for 

18 days.  

This study contributes to the increasingly relevant question whether and how (engineered) 

nanoparticles provoke toxicity to humans or the environment and suggests that accumulation 

of biopersistent and chemically inert nanoparticles to some extent might have an influence on 

neural development. The use of the fluorescence functionalized PE nanocrystals developed in 

the framework of the present thesis within this study demonstrates their straightforward 

monitoring by common fluorescence imaging techniques and underlines their suitability for 

investigations in complex biological environments. 

3.6 Conclusion 

Aqueous dispersions of fluorescence labeled shape anisotropic PE nanocrystals were 

prepared via ROMP of highly ring-strained trans-cyclooctene M1 applying a dye-

functionalized Ru-based initiator in aqueous microemulsion as a key step and subsequent 

exhaustive hydrogenation (> 99.9 %) of the main-chain unsaturated polymer in the 

nanoparticles to yield nanocrystals of high molecular weight, strictly linear PE (Mn = 4 –

 8 × 10
5
 g mol

-1
, Mw/Mn = 1.4). For this purpose, PDI substituted Ru-alkylidenes G I-PDI and 
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HG II-PDI, resembling the well-known Grubbs 1
st
 generation and Hoveyda-Grubbs 2

nd
 

generation type initiators, respectively, were synthesized in good yields. The reactivity of 

these carbene substituted initiators has been shown not to be altered significantly in 

comparison to their unsubstituted analogs via fluorescence spectroscopy studies, 

demonstrating that the relatively bulky PDI dye molecule has no undesirable influence on the 

initiator reactivity. Colloidally stable aqueous dispersions of highly fluorescent PE 

nanocrystals with quantum yields of typically 60 – 75 % were obtained via this method. TEM 

and AFM show a uniform particle size and morphology with a typical particle thickness of ca. 

12 – 16 nm with a lateral extension of ca. 45 nm. This strongly suggests that the PE 

nanocrystals obtained consist of a single crystalline lamella. The applicability of these 

fluorescence labeled nanocrystals for studies in complex biological environments was 

demonstrated by incubation of adherent live HeLa cells. Due to their high colloidal stability 

under typical incubation conditions in combination with the possibility to readily trace these 

particles via confocal fluorescence microscopy as verified therein, they were applied as a 

model system for the assessment of developmental neurotoxicity of biopersistent 

nanoparticles upon chronic, long-term exposure in an interdisciplinary cooperation project. 

Their facile localization within three-dimensional neurosphere structures via common 

fluorescence imaging techniques underlined their high suitability for studies in complex 

biological systems. A key finding of this study was that these particles penetrated deep into 

these neurospheres and impacted gene expression upon chronic exposure to non-cytotoxic 

concentrations. 
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4 Anisotropic PE Nanocrystals Labeled with a Single 

Dye Molecule: Toward Monitoring of 

Nanoparticle Orientation 

4.1 Introduction 

The interactions of nanoparticles with each other and with their environment are 

determined not only by their size, chemical composition and surface chemistry but also by 

their shape. Accordingly, the morphology of colloidal nanoparticles was shown to have a 

crucial influence on their characteristic features, e.g., cellular internalization behavior (cf. 

Chapter 3),
10,182

 and colloidal self-assembly,
231

 and consequently on the functional behavior 

of these particles. In comparison to spherical systems, an increased number of degrees of 

freedom exist with respect to mutual alignment of anisotropic objects. As a result, a direction 

dependence of different properties is added, making these systems far more complex than 

isotropic objects. This also applies to larger structures formed by assembly of such particles; 

e.g., materials generated from anisotropic particles can be expected to possess direction-

dependent mechanical properties like tensile strength.
232

 A deeper understanding of such 

shape-related phenomena, therefore, is desirable. In this regard, the possibility to use 

anisotropic particles of only tens of nanometers in size in a bottom-up approach in order to 

create novel materials via organization of these nanoparticulate building-blocks into larger 

structures is of particular interest.
233

 Consequently, a crucial challenge for current research is 

to gain a more profound understanding of structuring and ordering phenomena of complex 

particulate systems on a nanometer-scale.
234

 

In this context, concepts for a three-dimensional (3D) orientation monitoring of 

nanoparticles during dynamic processes via common microscopy techniques are of 

fundamental as well as technological interest as they could deliver new insights into 

anisotropic interactions in this very small size regime, such as local organization and 

assembly. However, so far only very few concepts which address this fundamental issue have 

been reported, such as the generation of ellipsoidal colloidal polymer nanoparticles which are 

locally fluorescence labeled at both particle ends
137

 or defocused fluorescence imaging
235

 and 

dual-color total internal reflection scattering microscopy
236

 of gold nanorods, respectively. 

Beside these rare examples, many studies dealing with this issue typically refer to larger 

particles of micrometer size, which presumably is due to the limited access of suitable model 
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systems concerning the defined synthesis of non-spherical particles in the size range of 

< 100 nm as well as to the challenge of resolving orientational information in this very small 

size regime. In this regard, PE particles potentially could be a well-suited model system, since 

their crystallinity allows for the synthesis of distinct non-spherical nanostructures (cf. 

Chapter 1.2.3). Additionally, their organic nature enables the introduction of reporter 

molecules in order to ensure their traceability, e.g., fluorescent dyes. 

Employing single molecule fluorescence spectroscopy techniques (SMFS), which have 

evolved into tools for studying complex heterogeneous systems in the field of material 

science in addition to their use for studies of biological systems,
237,238,239

 is an attractive 

approach toward this long-term goal of monitoring the orientation of nanoparticulate 

structures. Unlike traditional microscopy techniques to resolve nanoheterogeneities, such as 

AFM
240

 or electron microscopy,
241

 they allow for sensitive, non-invasive online 

measurements over large areas. Simultaneously, in contrast to common ensemble 

measurements they have the power to reveal a distribution of values instead of yielding 

ensemble-averaged values. Thus, SMFS can disclose rare events and potentially provides 

access to information that would not be available by means of other techniques. Since the 

characteristics of single fluorescent molecules, e.g., translational and rotational motion or 

optical properties, are coupled to their environment due to a multitude of interactions, a single 

fluorescent molecule can function as a probe in order to provide unique information about its 

local environment. Thus, embedding a fluorescent reporter molecule is frequently utilized in 

order to gain unique insights into a system of interest, e.g., for studying polymer 

crystallization.
242

 

Regarding the envisioned use of SMFS techniques for orientation monitoring of non-

spherical nanoparticles, in principle information about the spatial 3D orientation of 

(embedded) fluorescent molecules is accessible via defocused wide-field fluorescence 

microscopy (DWFM).
243,244

 In brief, a single molecule emitter can be considered as a 

radiating electric dipole, exhibiting an anisotropic spatial emission distribution, i.e. the 

emission direction of an individual fluorescent molecule essentially depends on the 

orientation of its transition dipole moment. Projection of this spatial distribution of 

fluorescence intensity onto a plane, e.g., the CCD camera of a wide-field setup, results in 

characteristic intensity distribution patterns which each can be attributed to a distinct 

orientation of the transition dipole moment. Since commonly the resolution is not sufficient to 

resolve these heterogeneities, artificial degradation by slight image defocusing is required in 

order to reveal these fluorescence patterns. Note that despite the defocused conditions 
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translational motion of the single molecules can be resolved simultaneously, since the 

position of the chromophore can be determined by locating the centroid of the pattern. Thus, 

both translational and rotational motion of single emitters can be resolved using this 

technique. Its utility to follow the 3D molecular rotational diffusion of a fluorescent probe 

molecule
245

 or to detect the anisotropic 3D orientation distribution of single molecules
246

 in 

polymer thin films, respectively, has recently been demonstrated. 

Transferring this technique from a single molecular level to anisotropic nanoobjects by 

introducing a single fluorescent reporter molecule into the nanoparticles might provide deeper 

insights into their dynamics. Thus, anisotropic PE nanocrystals functionalized with one single 

dye molecule per particle were prepared and analyzed by DWFM in detail as a novel 

approach toward monitoring the orientation of anisotropic nanoparticles in this challenging 

size regime. 

4.2 Anisotropic PE Nanocrystals Labeled with a Single 

Fluorescent Dye Molecule 

4.2.1 Synthesis of PE Nanocrystals Labeled with a Single Dye Molecule 

For the envisioned goal of exploiting single molecule fluorescence detection techniques to 

gain insights into nanoparticle dynamics, incorporation of a single fluorescent reporter 

molecule into the anisotropic PE nanocrystals is essential. For instance, in DWFM 

investigations multiple labeling would lead to an averaging over multiple emission patterns, 

which in turn would result in a loss of information. Thus, based on the synthetic route for the 

preparation of well-defined multiple labeled PE nanocrystals (cf. Chapter 3), a variant for the 

incorporation of one single chromophore into these nanocrystals was developed involving 

ROMP of M1 in aqueous microemulsion and subsequent hydrogenation of the main-chain 

unsaturated polymer in the nanoparticles (Figure 4.1). Due to the comparable reactivity of 

labeled ROMP initiators HG II-PDI and the unlabeled analog HG II (cf. Chapter 3.2.2) it 

was assumed that the resulting labeling density potentially can be controlled by using an 

appropriate mixture of both alkylidene complexes in the aqueous microemulsion 

polymerization process. Note that an equal reactivity is essential for such an approach in order 

to ensure complete initiation of both alkylidenes and consequently to ensure incorporation of 

the desired amount of chromophores. Alternatively, in principle this could also be achieved by 

preparing labeled and unlabeled polymers independently using neat initiators HG II-PDI and 

HG II, respectively, and subsequent formation of nanoparticles by secondary dispersion of an 
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appropriate mixture of both preformed polymers. However, this is associated with the 

limitations of post-polymerization dispersion outlined previously. 

 

Figure 4.1:  Approach for the preparation of well -defined PE Nanocrystals labeled with a 

single fluorescent reporter molecule via ROMP in aqueous microemulsion using a mixture of  

the labeled initiator HG II-PDI and the unlabeled equivalent HG II. Covalently attached 

fluorescent PDI reporter molecules are incorporated into the amorphous layers, which cover the 

crystalline lamella. For the sake of clarity, the adsorbed SDS molecules are not shown in the 

case of the PE nanocrystal.  

To assess the required ratio of initiators HG II-PDI and HG II to obtain single dye 

labeled nanoparticles, the number of polymer chains per nanocrystal Nchains was roughly 

estimated by assuming spherical particles (radius determined via DLS): 

 
𝑁𝑐ℎ𝑎𝑖𝑛𝑠 =

4 ∙ π ∙ 𝑟3 ∙ 𝜌𝑃𝐸 ∙ 𝑁𝐴

3𝑀
 (equation 4) 

 𝑟 = nanoparticle radius  

 𝜌𝑃𝐸 = density of polyethylene 

 𝑁𝐴 = Avogadro constant 

 𝑀 = PE molecular weight 

In this context, it is noteworthy that the shape will not be reflected significantly by the 

DLS method (single angle 173° backscattering). Diffusion coefficients of anisotropic particles 

with the aspect ratios found here do not differ dramatically from spheres of equivalent 

volume.
247

 Accordingly, a typical PE nanocrystal obtained by the microemulsion 

polymerization procedure with a particle size of ~ 30 nm and a PE molecular weight of 

Mn ~ 8 × 10
5
 g mol

-1
 roughly consists of approximately ≤ 20 polymer chains. Reasonably 

assuming that the incorporation of dye-labeled polymer chains into the nanoparticles follows 

Poisson statistics, the percentage of nanoparticles with a number n of incorporated 

chromophores depending on the ratio HG II/HG II-PDI applied in the polymerization step 

can be calculated by: 
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P(λ, n) =

𝜆𝑛 ∙ 𝑒−𝜆

n!
 (equation 5) 

 𝑃 = probability 

 𝜆 = expected value; quotient of the number of 

polymer chains per particle and the ratio 

HG II/HG II-PDI applied 

 𝑛 = number of chromophores per particle 

Note that this approach does not consider any interactions between the dye molecules 

which for instance may promote aggregation and consequently may lead to a significant 

deviation from this theory. However, due to the envisioned very low number of chromophores 

per nanoparticle this approach nevertheless was thought to be applicable to predict the 

magnitude of the ratio HG II/HG II-PDI required. On this basis, apparently a relatively large 

excess of unlabeled initiator HG II (HG II/HG II-PDI ≥ 150) is beneficial in order to 

suppress incorporation of multiple chromophores into a single nanoparticle (Figure 4.2). 

 

Figure 4.2:  Expected percentage of nanoparticles with a number n  of incorporated 

chromophores as a function of the  ratio HG II / HG II-PDI applied in the polymerization 

process assuming that a single nanoparticle consists of 20  polymer chains. The functions 

marked with an asterisk correspond to the percentage of particles bearing n  dye molecules 

relative to all labeled particles  (excluding non-labeled particles with n  = 0), whereas all other 

functions are related to the total number of nanopart icles (including non-labeled particles).  

However, this in turn leads to an increased formation of completely unlabeled particles 

which typically represent the majority of particles. Theoretically, with the above-mentioned 

assumptions a 150-fold excess of initiator HG II should yield ≥ 94 % of particles which bear 

only one single reporter molecule (n = 1) vs. only ≤ 6 % multiple labeled (n > 1) particles 



Anisotropic PE Nanocrystals Labeled with a Single Dye Molecule 

82 

relative to all labeled particles (n ≥ 1), respectively. Taking into account the non-labeled 

particles (n = 0), ~ 12 % of the totally synthesized PE nanocrystals should bear one single 

fluorescent reporter molecule. Thus, a ratio of HG II/HG II-PDI ≥ 150 was considered a 

good choice in order to suppress multiple labeling to a large extent. Microemulsion 

polymerizations using different ratios of HG II and HG II-PDI at an overall constant 

monomer-to-initiator ratio of [M1/initiator]0 = 20,000 were performed to synthesize 

nanoparticle dispersions with a variable labeling density (Table 4.1). 

Table 4.1:  Aqueous microemulsion polymerizations of M1  applying a mixture of initiators 

HG II and HG II-PDI and subsequent hydrogenation in d ispersion.
a
 

entry 
HG II / 

HG II-PDI 
b
 

Mn 
c 
[10

6
 g mol

-1
] 

(Mw/Mn) 

before hydrogenation 

Mn 
d 

[10
5
 g mol

-1
] 

(Mw/Mn) 

after hydrogenation 

DN 
e
 

[nm] 

1 neat HG II 3.6 (1.16) 8.35 (1.40) 33 

2 

(NP-3) 
150 2.4 (1.20) 8.07 (1.39) 34 

3 

(NP-4) 
10

6
 3.8 (1.25) 5.00 (1.38) 31 

a
Polymerization temperature 25  °C; reaction time 20 min; 4.0 wt% M1 , 10 wt% 

SDS, 5 wt% pentanol, 81 wt% water; monomer/initiator  = 20,000; hydrogenation 

conditions: 100 bar H2, 65 °C, 65 h, addition of an aqueous microemulsion of G II 

(quenched with ethyl vinyl ether), monomer/ G II  = 2,500. 
b
Ratio of initiators 

applied in the microemulsion polymerization . 
c
Determined by GPC in THF vs.  

polystyrene standards.  
d
Determined by GPC at 160 °C in TCB using triple detection. 

e
Number average particle size determined by DLS.

 

While a ratio of HG II/HG II-PDI = 150 (Table 4.1, entry 2) should be most suitable to 

synthesize a significant amount of nanoparticles bearing a single reporter molecule while 

largely suppressing incorporation of multiple chromophores (vide supra), a considerably 

higher ratio of HG II/HG II-PDI = 10
6
 (Table 4.1, entry 3) should yield a dispersion where 

the single labeled particles (~ 0.002 %) are extremely diluted with unlabeled PE nanocrystals 

(≥ 99.99 %). Such a dispersion potentially was of interest for the investigation of homogenous 

PE films via single molecule fluorescence microscopy (vide infra). Note additionally that with 

such a large excess of unlabeled initiator HG II virtually all (≥ 99.99 %) labeled particles 

should bear only one single chromophore, i.e. no nanoparticles with n > 1 should be obtained. 

Molecular weights and polydispersities before as well as after hydrogenation were not 

considerably influenced using a mixture of initiators (Table 4.1). The same applies to the 

nanocrystal morphology, as the typical nanocrystal dimensions observed via DLS, TEM and 

AFM using neat initiators (height ~ 12 nm, width ~ 45 nm) were also determined for PE 

nanocrystals NP-3 (Table 4.1, entry 2) and NP-4 (Table 4.1, entry 3) (cf. Chapter 3.4.2). 
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4.2.2 Wide-Field Fluorescence Microscopy Studies 

In order to evaluate this approach toward the synthesis of nanoparticles with a defined 

labeling density, PE nanocrystals NP-3 and NP-4 were analyzed by means of wide-field 

fluorescence microscopy. Due to the necessary interdisciplinarity in order to allow for a 

detailed investigation of such a system, the single molecule spectroscopy experiments 

discussed in the following were carried out together with Beate Stempfle from the Wöll 

group.
248

 The photoblinking, i.e. the reversible transition into a non-fluorescent state resulting 

in fluctuations between two discrete intensity levels, and photobleaching, i.e. the permanent 

loss of fluorescence intensity to the background level due to photochemical destruction of the 

chromophoric system, can provide information about the number of incorporated 

chromophores. Thus, the particles NP-3 were spin-coated onto a glass substrate and their 

fluorescence was imaged on a CCD camera using a custom-made wide-field microscopy 

setup. In order to largely avoid local accumulation of nanocrystals and accordingly to ensure 

analysis of single nanocrystals, the particle density was adjusted via dilution of the as-

obtained dispersion in such a way that individual particles were well separated from each 

other as determined via AFM. The majority of fluorescent particles exhibited a binary 

blinking and one-step photobleaching behavior typical for a single emitter (Figure 4.3). 

 

Figure 4.3:  (a) Wide-field fluorescence image of NP-3  (Table 4.1, entry 2) spin-coated onto a 

glass substrate. (b)  Time-resolved fluorescence intensities of the particles indicated in (a).  

Only a minor fraction of nanoparticles showed two-step bleaching in the fluorescence 

intensity trajectories indicating the presence of two chromophores (n = 2) within one particle 

(Figure 4.3, particle 6). No evidence was found for the presence of particles with n ≥ 3 since 
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no multistep bleaching with more than two steps was observed. Note that fluorescence time-

traces of few particles exhibit some changes in intensity which are larger than the average 

noise (Figure 4.3, particles 3 and 4). These variations presumably can be attributed to 

transitions between different conformations of the PDI dye
249

 or to slight changes in the 

surrounding of the dye molecules, e.g., due to relaxation of polymer chains in the amorphous 

region next to them.
250

 Overall, analysis of 81 individual nanoparticles revealed that ≥ 85 % 

of the labeled particles of NP-3 were single labeled as concluded from a distinct one-step 

photobleaching behavior. This confirms the number of incorporated PDI dye molecules per 

nanoparticle to follow Poisson statistics, as anticipated (vide supra). 

For analysis of particles NP-4, where the labeled PE nanocrystals were extremely diluted 

with unlabeled particles (vide supra), a homogeneous film was prepared via spin-coating of 

the undiluted, as-obtained dispersion onto a glass substrate. A typical blinking/bleaching 

behavior of the individual particles characteristic for a single emitter was observed. However, 

an inherent problem of NP-4 was that the films obtained exhibited a large number of weakly 

fluorescent, fast bleaching fluorescence signals which presumably can be attributed to 

contaminants due to the use of the undiluted, neat dispersion for the film formation. Thus, for 

all further experiments particles NP-3 were used. 

4.3 Three-Dimensional Orientation Analysis of Incorporated 

Reporter Molecules 

4.3.1 Mobility of Incorporated Chromophores 

An essential requirement for the concept of incorporating a single fluorescent reporter 

molecule into anisotropic nanoparticles as a tool to gain information about the nanoparticle 

orientation is that the orientation of the dye molecule has to be permanently linked to the 

nanoparticle orientation. This implies that the dye molecule has to be fixed within the particle 

and no reorientation should occur on a time scale of the experiment. Hence, the mobility, i.e. 

rotational motion, of the incorporated dye molecules was investigated using DWFM. This 

technique images the anisotropic fluorescence pattern of single fluorophores which depends 

on the orientation of the emission transition dipole moment with respect to the optical axis of 

the microscope. This transition dipole moment lies along a specific direction within the 

fluorophore. In the case of the PDI dye applied here, the transition dipole moment of the S1-S0 

emission, described by the azimuthal angle Φ and the polar angle θ, is aligned parallel to its 

long molecular axis (Figure 4.4). Thus, the 3D orientation and consequently the rotational 

motion of the incorporated chromophores could be visualized using DWFM. 
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Figure 4.4:  (a) Transition dipole moment of  the S1-S0 emission (red double-headed arrow) of 

the PDI dye molecule which is aligned parallel to its long molecular axis. (b) Schematic 

representation of the angular coordinates: the out -of-plane angle θ  is defined as the inclination 

angle between the emission dipole (red double -headed arrow) and the optical axis (z -axis),  and 

Φ indicates the in-plane (x-y focal plane) angle.  

For DWFM measurements, a quasi total internal reflection (qTIRF) excitation was used. 

Note in this context that the excitation efficiency is proportional to cos
2
α where α is the angle 

between the electric vector of the incident light and the absorption transition dipole moment, 

i.e., those fluorophores that have their transition dipole moments oriented along this electric 

vector are preferentially excited whereas absorption and consequently fluorescence from 

molecules with perpendicular oriented transition moments will be too weak to be detected.
251

 

Hence, the qTIRF excitation was necessary in order to ensure efficient excitation of molecules 

with low polar angles (out-of-plane oriented molecules)
246

 and, thus, to guarantee detection of 

all fluorophores independent of their molecular orientation. 

Single labeled PE nanocrystals NP-3 were spin-coated onto a glass substrate and the 

sample was positioned ~ 1 µm toward the microscope objective from the focus. The particle 

density was adjusted in such a way that the minimal distance between two adjacent particles 

was ~ 1 µm. This distance assures that the patterns are well separated for an accurate analysis. 

Defocused images were taken in well-defined time intervals (with 1 s integration and 5 s 

interval time) in order to follow potential rotational motion of the incorporated PDI reporter 

molecules within the PE nanocrystals (Figure 4.5). However, reorientation of the embedded 

chromophores, i.e., translational or rotational mobility, was not observed within a period of 

approximately 10 min since the observed emission patterns largely remained unaltered. 

Variations of both the azimuthal angle Φ and the polar angle θ of individual fluorophores 

between separate frames, which could be extracted from these characteristic patterns, over 

this long period were determined to be ≤ 10° which is in the range of accuracy of this method 

(cf. Chapter 4.3.2). This indicates that the orientation of the PDI molecules is fixed within the 

nanocrystal and consequently is steadily linked to the nanoparticle orientation. Thus, in 
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addition to a monitoring of translational motion, this concept potentially enables the detection 

of rotational motion of individual polymer nanoparticles using single molecule fluorescence 

techniques, a possibility which was so far restricted to quantum dots or metal nanorods. 

 

Figure 4.5:  Defocused wide-field images over time of NP-3  (Table 4.1, entry 2) spin-coated 

onto a glass substrate (with 1 s integration and 5 s interval time).  

4.3.2 Correlation of the Chromophore Orientation with the Orientation of 

Anisotropic PE Nanocrystals 

While the possibility to monitor nanoparticle rotation already is of interest for the 

investigation of nanoparticle dynamics, detection of absolute nanoparticle orientations could 

even give deeper insights into these processes. In terms of monitoring absolute nanoparticle 
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orientations, a uniform orientation of the incorporated reporter molecules with respect to the 

nanoparticle symmetry axes is essential in order to enable a correlation between both 

orientations. Hence, the 3D orientation of the incorporated PDI molecules was studied in 

detail via DWFM. 

For this purpose, defocused emission patterns were calculated for different polar angles θ 

of the transition dipole moment of a single molecule (defocusing depth 1 µm) using a routine 

written in MatLab software (Figure 4.6).
252

 These patterns for any given orientation served as 

a theoretical library in order to assign every experimentally observed emission pattern to a 

distinct orientation of the PDI molecule. The patterns for different azimuthal angles Φ can be 

obtained by turning each of these patterns by the corresponding angle. Accordingly, 

completely in-plane oriented molecules (θ = 90°) exhibit a bilaterally symmetric two-lobe 

pattern which changes into a symmetric circular ring shape for perfectly perpendicular 

oriented molecules with respect to the substrate surface (θ = 0°). 

 

Figure 4.6:  Calculated defocused patterns of a single emitter for 10 different out-of-plane 

orientations (constant in-plane angle Φ).  

For DWFM measurements particles NP-3 were spin-coated onto a glass substrate. 

Although the defocused images obtained showed various emission patterns, a high fraction of 

asymmetric ringed patterns, typical for substantially out-of-plane oriented transition dipole 

moments, was observed (Figure 4.7a). Molecules substantially oriented out-of-plane could be 

well detected due to the qTIRF excitation mode applied (vide supra). For a detailed 

orientation analysis, the chromophore orientations of 209 independent particles were 

determined by visual comparison of the observed patterns with the calculated theoretical 

library. This mode of analysis was found to be more reliable and less prone to errors for this 

system than a fully automated pattern recognition. Note that besides molecular orientation, the 

emission pattern depends on additional parameters, such as defocused value, film thickness in 

the case that the fluorophores are embedded in a (polymer) matrix, or refraction indices of the 

materials involved, which have to be known for an accurate calculation of a suitable library. 
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Thus, the parameters that were not thoroughly known for this particular system were varied in 

order to calculate patterns which represented the measured ones as precise as possible. 

 

Figure 4.7:  (a)  Typical defocused wide-field image of NP-3  (Table 4.1, entry 2) spin-coated 

onto a glass substrate. (b)  Frequency histogram of the out -of-plane angle θ  determined for 

single labeled PE nanocrystals NP-3  spin-coated onto a glass substrate (analys is of 209 

individual particles). The black stars represent an orientation distribution expected for 

randomly oriented molecules. (c)  Ratio between the probabilities for  the out-of-plane angle θ  

determined for the transition dipole moment of reporter molecu les incorporated into the PE 

nanocrystals NP-3  (red circles: NP-3  spin-coated onto a glass substrate; blue squares: NP-3  

embedded in a PVA matrix) and expected for randomly oriented molecules.  

In this context it is worth mentioning that the most pronounced alteration of defocused 

patterns under the conditions applied here occurs in a range of 10° ≤ θ ≤ 60°, where the 

accuracy of angle determination is higher than at polar angles of > 60°, where it becomes 

progressively harder to distinguish the patterns (Figure 4.6). Thus, the accuracy of orientation 

of individual molecules determined amounts to ≤ 10°. The resulting distribution of polar 

angles θ clearly shows a distinct non-statistical behavior (Figure 4.7b): Approximately 60 % 

of the reporter molecules possess an orientation of their transition dipole moment with a polar 

angle of ≤ 30°. In contrast, for randomly oriented molecules the majority of transition dipole 

moments can be expected to exhibit a more pronounced in-plane orientation since under these 
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conditions the probability of a molecule to possess an orientation in a range of a ≤ θ ≤ b is 

proportional to the surface area of the corresponding spherical segment. Thus, the orientation 

distribution expected for statistically oriented molecules can be calculated by: 

 
P = ∫ sin θ𝑑𝜃

𝑏

𝑎

 (equation 6) 

 𝑃 = probability 

 𝑎, 𝑏 = range of integration for the out-of-plane 

angle θ 

Accordingly, only ~ 13 % of randomly oriented molecules exhibit a polar angle of ≤ 30°. 

Hence, the experimentally determined percentage of ~ 60 % for NP-3 spin-coated onto a glass 

substrate represents a 4-fold increase compared to randomly oriented molecules (Figure 4.7c), 

i.e., the incorporated PDI molecules are preferentially oriented perpendicular with respect to 

the substrate surface. 

 

Figure 4.8:  Histograms of the height (a), width (b) and the aspect ratio (c ) of single 

fluorescence labeled PE nanocrystals  NP-3  (Table 4.1, entry 2) spin-coated onto a glass 

substrate determined by AFM. d) TEM image of nanocrystals NP-3  (Table 4.1, entry 2),  

indicating their typical dimensions in the lateral (left particle) and vertical (right particle) 

direction.  

AFM studies on individual nanocrystals of the identical sample revealed a uniform height 

of the particles of 12 – 16 nm and a width of ~ 50 nm throughout the complete sample (Figure 
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4.8a – c). Note that despite the limitations of AFM to resolve the exact width due to 

broadening effects in the lateral dimension, the object height can be determined with a high 

accuracy (cf. Chapter 3.4.2). The dimensions of these anisotropic nanocrystals NP-3 in the 

lateral and vertical direction determined by TEM typically amount to 43 nm and 13 nm, 

respectively (Figure 4.8d). Hence, as expected, this clearly indicates that under the conditions 

of the DWFM experiments the crystals orient exclusively with their lamellae lying flat on the 

substrate, i.e., with their polar axis perpendicular to the substrate (cf. Figure 4.1). This flat-on 

orientation of anisotropic oblate-like PE nanocrystals upon spin-coating onto glass substrates 

has also been observed previously.
168

 Correlating this nanocrystal orientation under the 

DWFM measurement conditions with the preferred orientation of the incorporated PDI 

molecules determined, the long molecular axis of the chromophore apparently is 

preferentially oriented parallel to the polar axis of the PE nanocrystal. Since the particles lie 

flat on the substrate with an arbitrary in-plane orientation, they exhibit an equal distribution of 

azimuthal angles of the embedded reporter molecules which thus were not considered further. 

 

Figure 4.9:  AFM height images and corresponding height cross sections of a PVA film 

containing embedded fluorescence labeled PE nanocrystals NP-3  (Table 4.1, entry 2) (a) and of 

a purposely introduced scratch on this PVA film (b) . 

In order to underline this finding, the single labeled particles NP-3 were embedded in a 

polymer matrix which was intended to result in a random orientation distribution of the 

embedded nanocrystals and consequently of the incorporated chromophores. Key 

requirements for the matrix material were: First, a high aqueous solubility in order to provide 

a good miscibility with the aqueous nanoparticle dispersion, which is essential to ensure that 
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the nanoparticles are homogenously embedded into the matrix during the film formation 

procedure via spin-coating. Second, the matrix polymer should be amorphous, which was 

thought to be essential in order to ensure a statistical particle orientation within the matrix 

since a (semi)crystalline matrix might result in an oriented nanoparticle arrangement. Thus 

poly(vinyl alcohol) (PVA) was applied as a matrix material since it combines both 

requirements. The thickness of the resultant homogeneous PVA films was determined to be 

~ 300 nm by AFM measurements on purposely introduced scratches at several different 

positions on the sample which was thought to be sufficient to ensure a statistical nanocrystal 

orientation distribution (Figure 4.9). DWFM on these PVA films demonstrated that the 

majority of obtained patterns show a clear two-lobe structure, as expected for a statistical 

orientation distribution (Figure 4.10a). Analysis of 109 individual embedded particles 

revealed a random distribution (Figure 4.10b), demonstrating the suitability of this approach 

for nanoparticle orientation analysis. 

 

Figure 4.10:  (a) Typical defocused wide-field image of NP-3  (Table 4.1, entry 2) embedded in 

a 50 –  300 nm thick PVA matrix. (b)  Frequency histogram of the out -of-plane angle θ  

determined for single labeled PE nanocrystals NP-3  embedded in a 50 –  300 nm thick PVA 

matrix (analysis of 109 individual particles).  The black stars represent an orientation 

distribution expected for randomly oriented molecules.  

Concerning the localization of the PDI reporter molecule within the PE nanocrystal, it can 

be reasonably assumed that it is incorporated into the amorphous region surrounding the 

nanocrystal (cf. Figure 4.1 and Chapter 3.4.1). The orientation of PDI dyes bearing 

coordinating substituents, e.g., pyridyl groups, on inorganic (nanoparticle) surfaces recently 

was found to show a preferred perpendicular orientation of the long molecular axis with 

respect to the inorganic surface.
253,254,255 

Thus, the current understanding for the finding that 

the incorporated PDI dye molecules are preferentially oriented parallel to the polar axis of the 

nanoparticles is that this concept also applies to the system reported herein, in which the 

polymer chain covalently attached to the PDI molecule functions as a linker to the polymer 

crystalline lamella. This is assumed to result in a directed orientation of the reporter molecule 
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within the amorphous layers covering the nanocrystal. Thus, this preferred chromophore 

orientation enables an estimation of absolute nanoparticle orientations. Incorporation of an 

alternative fluorescence marker potentially could enhance this effect to result in an even more 

uniform chromophore orientation with respect to the nanoparticle symmetry axes. 

4.4 Conclusion 

In conclusion, a novel approach toward monitoring the orientation of anisotropic 

nanoparticles was demonstrated. To date, only very few concepts have been reported which 

address this relevant but challenging issue. Based on the synthetic route for the preparation of 

well-defined multiple labeled PE nanocrystals (cf. Chapter 3), an approach for the 

incorporation of a single fluorescent reporter molecule was developed by applying an 

appropriate mixture of PDI-functionalized ruthenium alkylidene initiator HG II-PDI and its 

unlabeled analog HG II in the polymerization step. The suitability of this approach to obtain 

nanoparticles which bear a single fluorescent probe molecule was demonstrated by means of 

single molecule fluorescence spectroscopy. The orientation of the incorporated reporter 

molecule was found to be fixed within the nanocrystal. Thus, this system is thought to be 

suited for following both the translational and rotational motion of individual anisotropic 

nanoparticles. A combination of DWFM and AFM revealed the molecular axis of the 

incorporated chromophore to be predominantly oriented parallel to the polar axis of the 

nanocrystal. Incorporation of an alternative fluorescence marker which potentially enhances 

this effect, thus, could even allow for the detection of absolute nanoparticle orientations. 

Overall, the findings reported provide a promising approach toward gaining insights into 

nanoparticle dynamics, e.g., assembly processes of nonspherical building blocks in this 

challenging size regime. 
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5 Self-Stabilized Fluorescence Labeled High 

Molecular Weight PE Nanocrystals 

5.1 Introduction 

Polymer nanoparticles are of interest from a multitude of perspectives, e.g., for studies and 

applications in biological systems (cf. Chapter 3) or as potential building blocks for the 

generation of larger structures (cf. Chapter 4). Among these, particles consisting of 

semicrystalline PE are attractive, since their inherent crystallinity can be exploited to generate 

anisotropic, non-spherical particles of only tens of nanometers in size, similar to inorganic 

nanoparticles where controlling their crystalline structure is a fundamental principle toward 

the preparation of anisotropic nanostructures (cf. Chapter 1.2). Most often such nanoparticles 

are stabilized by physisorbed surfactants in order to prevent coagulation and thus to gain 

colloidal stability of these particles. This approach of employing surfactants as stabilizing 

agents, however, suffers from their ability to desorb from the nanoparticle surface. In many 

applications as well as fundamental studies this is undesirable, since it adds an unknown, non-

controllable parameter to the system of interest, influencing, e.g., the colloidal stability of the 

nanoparticles. In addition, in terms of investigating the interactions of nanoparticles with 

biological systems, these surfactants potentially can have an undesirable impact on these 

studies, e.g., due to possible toxic effects. An alternative route for the preparation of 

colloidally stable nanoparticles that does not require addition of further stabilizing agents, is 

their generation from amphiphilic block copolymers consisting of hydrophilic and 

hydrophobic fragments. In the presence of a solvent that is selective for one block, such block 

copolymers typically undergo microphase separation, forming a variety of ordered structures 

with characteristic lengths on the mesoscale via self-organization.
256

 Supposing water as the 

continuous phase, upon self-organization, i.e., formation of core/shell-like particles, stable 

nanoparticle dispersions are accessible via this route. The hydrophilic water-miscible polymer 

block can serve as a steric stabilizer, i.e., the stabilizer is covalently attached to the 

hydrophobic particle core, prohibiting its desorption from the nanoparticle surface. It has been 

shown that the size as well as the core/shell dimensions of the micelles formed can be 

controlled by the polymer architecture.
257

 

With respect to the potential of anisotropic PE nanocrystals as model system for the 

investigation of various fundamental questions concerning nanoparticles and their 
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interactions, PE particles of only tens of nanometers in size which do not require surfactants 

physisorbed at their surface are desired. However, the aforementioned approach is challenging 

to transfer to PE nanoparticles since the preparation of PE-containing (di)block copolymers 

typically requires an elaborate synthetic effort and frequently involves a combination of 

different polymerization types.
258

 Thus, examples for such aqueous surfactant-free PE 

nanoparticle dispersions reported so far are scarce and typically limited to low molecular 

weight PE with molecular weights of < 3,000 g mol
-1

. Hillmyer and coworkers reported on 

the preparation of anisotropic, disklike micelles in water from PE-containing amphiphilic 

diblock copolymers, which were synthesized by a combination of living anionic and 

reversible addition-fragmentation transfer (RAFT) polymerization.
259

 However, the PE block 

of the copolymers in this study did not exceed a molecular weight of 3,000 g mol
-1

. In another 

study PE-b-PEO diblock copolymers with a linear PE block of ≤ 2,000 g mol
-1

, which were 

obtained by a combination of chain shuttling ethylene polymerization and click coupling 

reaction, were found to form spherical micelles possessing crystalline multicores in water.
260

 

Self-assembly of a linear ethylene-acrylic acid copolymer with a molecular weight of 

3,000 g mol
-1

 in aqueous solution yielded surfactant-free, colloidally stable nanoparticles.
261

 

However, due to the random nature of this copolymer and the large degree of incorporated 

acrylic acid comonomer (12 mol%), most likely domains with carboxylic acid groups 

incorporated into the PE crystals exist, which results in a clearly anisotropic but irregular 

structure. PEs with precisely placed carboxy substituents along the polymer backbone have 

been shown to form crystalline self-stabilized nanoparticles, where the thickness of the single 

crystals is controlled by the molecular structure of the polymer, i.e., the regular distance 

between neighboring carboxy groups.
163

 In this case polymer molecular weights were 

comparably high (Mn ~ 3.8 × 10
4
 g mol

-1
), however, due to the ADMET-based approach 

molecular weight distributions were relatively broad (Mw/Mn ~ 3.2). Noteworthy, the 

additional defined introduction of a functional chain end group, e.g., a fluorescent reporter 

molecule, has not been shown via these procedures and requires an alternative approach. 

Regarding the accessibility of PE-containing amphiphilic block copolymers, ROMP per se 

represents a suitable approach for their precise preparation using a single polymerization 

mechanism. Well-defined macromolecular architectures, which are beneficial for ordered self-

assembeld structures, are accessible via this synthetic approach under appropriate conditions 

(cf. Chapter 1.1). Thus, ROMP in general has emerged as an attractive route for the 

preparation of amphiphilic block copolymers which self-assemble into polymeric 

nanoparticles in aqueous media.
262,263 

With respect to PE-containing AB-type diblock 
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copolymers, 8-membered cyclic olefins, such as cyclooctene or cyclooctadiene, are promising 

substrates to yield the desired PE block upon ROMP and subsequent hydrogenation. 

However, reports for the defined preparation of block copolymers of these monomers via 

ROMP are scarce and mainly are based on the use of chain transfer agents to yield 

corresponding telechelic polymers that can be further converted into block copolymers.
264,265

 

Herein, a ROMP-based approach for the generation of fluorescence functionalized 

amphiphilic PE-containing diblock copolymers was developed. Aqueous dispersions of 

fluorescent self-stabilized PE nanocrystals of high molecular weight, which retain their 

colloidal stability even in demanding biological systems, were generated via self-assembly of 

these diblock copolymers in aqueous medium. 

5.2 Hydrophilic Macromonomers 

5.2.1 Synthesis of PEG-Functionalized ROMP Monomers 

Sequential ROMP of an appropriate cyclic olefin that eventually yields PE, such as trans-

cyclooctene M1, and a macromonomer (MM) that bears a water-miscible polymer block, 

which serves as a covalently-bound sterical stabilizer, was identified as a promising approach 

for the generation of amphiphilic PE-containing AB-type copolymers (Figure 5.1). As a 

nonionic sterical stabilizer PEG was chosen, since it is known to be nonimmunogenic and 

nontoxic in vivo and in vitro,
266

 which is beneficial for the envisioned use of these 

nanoparticles for biological investigations. The potential of PEG to effectively stabilize 

polymer nanoparticles in aqueous media has often been demonstrated.
267

 Due to the living 

character of ROMP reactions under appropriate conditions, such an approach potentially 

enables a precise and facile control over the blockcopolymer composition, regarding its 

molecular weight as well as the length and relative ratio of the hydrophilic and hydrophobic 

blocks. The generation of amphiphilic block copolymers by sequential living ROMP of 

macromonomers following such a route already has been reported.
268,269

 

 

Figure 5.1:  Schematic illustration of a macromonomer-based approach for the synthesis of 

amphiphilic PE-containing diblock copolymers.  
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Two different types of cyclic olefins were chosen as a structure of the macromonomers, 

that is, cis-cyclooctene and exo-norbornene. While the former is more difficult to be 

polymerized in a living fashion due to its comparably low ring strain and its susceptibility to 

chain transfer reactions, the latter undergoes living ROMP under appropriate conditions. 

Consequently parameters potentially affecting nanoparticle size and shape, such as copolymer 

chain length and block composition, can be controlled by varying monomer-to-initiator ratios. 

Note that exo-isomers of norbornene exhibit a significantly higher reactivity than the 

corresponding endo-isomers toward Ru-initiated ROMP reactions due to unfavorable steric 

interactions between the growing polymer chain and the incoming monomer in the latter 

case.
270

 

 

Figure 5.2: Synthesis scheme of PEG-substituted macromonomers M4  –  M6 . 

PEG substituted cis-cyclooctene-based macromonomer M4 was synthesized via a four-

step procedure (Figure 5.2). For this purpose, cyclooctadiene was monoepoxylated with 

MCPBA and subsequently converted into cyclooct-4-enol M4b via reaction with LiAlH4. 

Further conversion with succinic anhydride yielded carboxy-functionalized cis-cyclooctene 

derivative M4c. DCC-coupling with PEG monomethyl ether with a molecular weight of 

Mn ~ 2,000 g mol
-1

 finally yielded PEG-substituted macromonomer M4. Noteworthy, an 

excess (1.5 eq) of cyclooctene-derivative M4c relative to PEG was applied in order to ensure 

complete conversion of free PEG, which otherwise could not be separated from the desired 

product. Residual M4c could be removed by precipitating the crude product in pentane and 

diethyl ether. Complete PEGylation as well as the absence of unreacted free PEG was 

confirmed by 
1
H NMR spectroscopy on isolated material M4 via integration of the olefinic 

resonances at  = 5.63 ppm as well as the signals at  = 3.81 – 3.43 ppm and  = 3.36 ppm 
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corresponding to the protons of the PEG backbone and the methoxy end group, respectively, 

which demonstrated a 1:1 stoichiometry. Overall, every reaction step yielded the desired 

product in good yields of 65 – 93 %, respectively. 

exo-Norbornene-based macromonomers M5 and M6 were obtained similarly via DCC-

coupling of commercially available exo-5-norbornene-2-carboxylic acid with PEG 

monomethyl ether (Figure 5.2). PEGs with different molecular weights of Mn ~ 2,000 g mol
-1

 

and Mn ~ 500 g mol
-1

 were attached, respectively, in order to study the influence on the 

ROMP kinetics as well as on the characteristics of resultant polymers concerning their 

nanoparticle formation behavior in aqueous medium. While M5 was obtained in good yields 

of typically 74 %, M6 with low-molecular-weight PEG (Mn ~ 500 g mol
-1

) was obtained in 

moderate yields of typically 38 %. This can mainly be attributed to the fact that M6 had to be 

purified via column chromatography on silica gel since the precipitation procedure applied for 

M4 and M5 could not be transferred to M6 due to its oily consistency preventing the 

formation of a filterable precipitate upon pouring into diethyl ether or pentane, even at low 

temperatures of << 0 °C. The absence of residual free PEG in macromonomers M5 and M6 

was verified by 
1
H NMR spectroscopy via integrating the signals at  = 3.81 – 3.43 ppm and 

 = 3.36 ppm corresponding to the protons of EO units and the methoxy PEG end group, 

respectively, as well as the resonances arising from the olefinic protons at  = 6.12 –

 6.09 ppm. GPC measurements (in THF vs. PS standards) confirmed polydispersity indexes 

close to unity (< 1.05) and molecular weights in good agreement with expected values for all 

macromonomers M4 – M6. 

5.2.2 NMR Spectroscopic Polymerization Studies 

As a monomer, which eventually yields a PE block upon ROMP and subsequent 

hydrogenation, trans-cyclooctene M1 was chosen, since it has been previously reported that it 

is amenable to living ROMP under appropriate conditions (cf. Chapter 3.3.1).
75

 The desired 

copolymerization of M1 with macromonomers M4 – M6 via sequential ROMP applying a 

functionalized Ru initiator requires the absence of secondary metathesis reactions throughout 

the polymerization. Chain transfer would result in a distribution of polymer chain end 

functionalizations as well as the monomer sequence, consequently preventing the generation 

of well-defined end functionalized diblock copolymeric architectures. Since the extent to 

which chain transfer occurs essentially depends on the steric environment around the double 

bond within the polymer backbone after ring-opening, polymer formed from M1 is known to 

undergo significantly more secondary metathesis than polymers formed from bulky 
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monomers, such as norbornene-based macromonomers M5 and M6. Furthermore, due to their 

high molecular weights, the initial concentration of macromonomers M4 – M6 applied during 

their ROMP typically was low compared to the ROMP of M1, resulting in a comparably slow 

polymerization rate which required a considerably longer reaction time to reach complete 

monomer conversion. Thus, polymerization of the sterically more demanding 

macromonomers followed by the fast ROMP of M1 seemed to be the most appropriate route 

in order to minimize the possibility for undesired chain transfer reactions during the overall 

copolymerization. This approach of polymerizing the bulky monomer prior to the fast ROMP 

of a less sterically demanding one has already been exploited in a previous study for the 

generation of cyclooctene-based AB type diblock copolymers via sequential ROMP.
271

 

Complete and fast initiation of the Ru alkylidene (ki/kp > 1) during the ROMP of the first 

monomer has to be ensured in order to avoid the formation of homopolymer of the second 

monomer upon its sequential addition. Simultaneously, a fast propagation rate is beneficial in 

order to minimize the reaction time for complete conversion of the first monomer, e.g., in 

terms of decomposition of the active species, which would yield a mixture of the 

homopolymer of the first monomer and the desired diblock copolymer upon addition of the 

second monomer. Thus, in order to find conditions where these requirements are fulfilled, the 

ROMP of macromonomers M4 – M6 (Figure 5.3a) was investigated in NMR-scale 

polymerization experiments by 
1
H NMR spectroscopy in CD2Cl2. Phosphine-based Ru 

alkylidene G I was applied as an initiator due to its potential ability to mediate ROMP 

reactions in a living fashion (cf. Chapter 1.1.1). 

As expected, all three macromonomers M4 – M6 were susceptible to ROMP. In the case 

of exo-norbornene-based macromonomer M5 this was evidenced by the loss of its olefinic 

resonances at  = 6.15 – 6.09 ppm and the simultaneous appearance of a broad signal at 

 = 5.50 – 5.33 ppm corresponding to the newly formed unsaturated polymer backbone. 

While complete monomer conversion at a molar ratio of monomer to initiator of 10 was 

observed within 30 min, initiation efficiency was moderate (~80 %) as determined via 

integration of the carbene signal corresponding to non-initiated G I at  = 20.02 ppm (Figure 

5.3b, red curves). Incomplete initiation was further evident by the absence of the 

characteristic color change from purple to yellow typically indicating complete initiation of 

G I. Since the initiation efficiency of phosphine-based G I can be significantly enhanced by 

the addition of phosphines more labile than PCy3, the ROMP of M5 in the presence of 1 –

 3 eq PPh3 relative to G I under otherwise identical conditions was investigated by 
1
H NMR 

spectroscopy. Addition of PPh3 under these conditions apparently has a significant influence 
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on the polymerization rate, while affecting the initiation rate to a smaller extent. In the 

presence of 3 eq PPh3 complete monomer conversion was observed after ~5 h (Figure 5.3b, 

green curves) vs. 30 min in the identical experiment without PPh3 (vide supra). Complete 

initiation of G I under these conditions was observed after ~60 min at a monomer conversion 

of <50 %. 

 

Figure 5.3:  (a) Reaction scheme for the G I-mediated ROMP of macromonomers M4-6 .  

(b) Monomer conversion (left) and initiation of G I (right) vs.  time for the ROMP of M4  and 

M5  applying varying molar ratios of PPh 3 /G I (Conditions: [MM] 0 = 0.05 M in CD2Cl2 at 

25 °C, [MM/G I]0 = 10). (c) Dependence of ln([MM] 0/[MM] t) on time for the ROMP of M4  and 

M5  under the conditions given in (b) and corresponding extracted rate constants k obs (Table).  

All polymerizations applying 0 – 3 eq PPh3 relative to G I followed linear pseudo-first-

order kinetics (Figure 5.3c). Extracted rate constants kobs reveal that addition of 3 eq PPh3 

decreases the propagation rate by a factor of ~13, thus, increasing the ki/kp ratio 

approximately by the same order of magnitude, assuming that the additional PPh3 has a minor 

influence on the initiation rate constant in this case. Note that this assumption is based on the 

experimental finding that the initiation kinetics were not affected by increasing the PPh3/G I 
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ratio from 0 to 3 to a significant extent (Figure 5.3b). Thus, a molar ratio of PPh3/G I = 3 was 

considered to be necessary in order to enable a defined block copolymerization of M5. 

The ROMP of cis-cyclooctene-based macromonomer M4 was followed similarly by 

integrating its decreasing olefinic resonances at  = 5.72 – 5.57 ppm and the simultaneously 

arising broad signal at  = 5.46 – 5.33 ppm corresponding to the newly formed unsaturated 

polymer backbone. Due to its much lower ROMP reactivity compared to exo-norbornene-

based M5, a low monomer conversion (< 80 %) and a low initiation efficiency (~65 %) was 

observed even after 2 h (Figure 5.3b, purple curves). The corresponding propagation rate 

constant kobs for the ROMP of M4 is about ten times lower than for M5 under otherwise 

identical conditions (Figure 5.3c). Due to this unfavorable reactivity the use of M4 as 

monomeric building unit was not pursued further. 

 

Figure 5.4:  (a) Monomer conversion (left) and initiation of G I (right) vs.  time for the ROMP 

of M6  applying varying molar ratios of PPh 3 /G I (Conditions: [M6]0 = 0.2 M in CD2Cl2 at 

25 °C, [M6/G I]0 = 20). (b) Dependence of ln([MM] 0/[MM] t) on time for the ROMP of M6  

under the conditions given in (a) and corresponding extracted rate constants k o bs (Table). 

In comparison to M5, macromonomer M6, which bears a PEG moiety with a significantly 

lower molecular weight of Mn ~ 500 g mol
-1

, shows a similar behavior in the G I-mediated 

ROMP. While in the absence of additional PPh3 the monomer was completely converted 

within minutes ([M6/G I]0 = 20), Ru alkylidene G I was only incompletely initiated (~90 %) 

under these conditions (Figure 5.4a). In the presence of 2 eq PPh3 relative to G I, monomer 
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M6 was completely consumed within ~2 h and complete initiation was observed after 

~30 min at <60 % monomer conversion. Further increasing the PPh3/G I ratio to PPh3/G I = 3 

has virtually no effect on the initiation rate, while significantly further decreasing the 

propagation rate. Linear pseudo-first-order fits reveal that, in comparison to the ROMP of M6 

in the absence of additional phosphine, the propagation rate constant kobs decreases by a factor 

of ~24 and ~11 upon addition of 3 and 2 eq PPh3, respectively (Figure 5.4b). These findings 

demonstrate that complete and fast initiation during the G I-mediated ROMP of hydrophilic 

macromonomers M5 and M6 can be ensured via addition of typically 2 – 3 eq PPh3 relative to 

G I, which is a prerequisite for the generation of defined block copolymeric architectures via 

sequential living ROMP. Due to their similar reactivities (cf. Chapter 3.2.2), the identified 

conditions for the ROMP of M5 and M6 applying Ru alkylidene G I can be transfered to its 

fluorescence functionalized analog G I-PDI as well. 

Despite the anticipated benefit of polymerizing the sterically more demanding 

macromonomer prior to M1 (vide supra), the contrary approach was nevertheless 

investigated, since this could allow for controlling the spatial localization of the PDI reporter 

molecules within the resultant PE nanocrystal. Since a molar ratio of PPh3/G I = 2 – 3 has 

been found to be well-suited for the ROMP of macromonomers M5 and M6, the ROMP of 

M1 under these conditions was investigated in NMR-scale experiments by 
1
H NMR 

spectroscopy. Immediate polymerization upon addition of M1 to a solution of G I in CD2Cl2 

([M1/G I]0 = 50) prior to homogenous mixing was observed under these conditions, going 

along with a very low initiation efficiency, as determined via integration of the signal for the 

carbene proton corresponding to non-initiated G I at  = 20.03 ppm. Upon increasing the 

relative ratio of PPh3/G I to 60, complete initiation was observed, as verified by the complete 

shift of the carbene signals from  = 20.28 ppm (d, 
3
JPH = 4.2 Hz, 

[(PCy3)(PPh3)Cl2Ru=CHPh]), 20.03 ppm (s, [(PCy3)2Cl2Ru=CHPh]) and 19.36 ppm (t, 

3
JPH = 9.3 Hz, [(PPh3)2Cl2Ru=CHPh]) to  = 19.50 ppm, 19.32 ppm and 18.27 ppm. However, 

no monomer consumption on a considerable time scale was observed upon subsequent 

addition of macromonomer M5 ([M5/G I]0 = 10). Hence, in order to decrease the high PPh3 

concentration that is necessary to ensure complete initiation during the ROMP of M1 prior to 

macromonomer addition, CuCl was tested as a phosphine scavenger. For this purpose, after 

ROMP of M1 applying 60 eq of PPh3, CuCl was added to the reaction mixture 

(CuCl/PPh3 = 0.1 – 1). However, in all cases the carbene resonances rapidly disappeared and 

no monomer consumption was observed upon subsequent addition of M5 or M1, clearly 

indicating decomposition of the Ru alkylidene. This finding is in agreement with previous 
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reports, where it has been shown that the decomposition of G I is second-order and inversely 

proportional to phosphine concentration.
51

 Hence, attempts to increase the concentration of 

the mono(phosphine) species with additives like CuCl and HCl result in enhanced catalytic 

activity but simultaneously significantly promote catalyst decomposition.
68

 Thus, this 

approach of polymerizing M1 prior to the macromonomer was not pursued further. 

5.3 Homopolymerizations of Monomeric Building Blocks 

5.3.1 ROMP of Hydrophilic Macromonomers 

In order to verify the living character under the conditions identified via NMR-scale 

experiments (cf. Chapter 5.2.2), larger scale homopolymerizations of macromonomers 

M5/M6 were conducted in homogenous solution employing varying molar equivalents of 

monomer to initiator. For this purpose, the ROMP of M5 in the presence of 3 eq PPh3 relative 

to initiator G I applying two different monomer-to-initiator ratios of [M5]0/[G I]0 = 10 and 20 

was conducted in CH2Cl2. Note that due to the high activity of G I and the low critical 

monomer concentration of norbornene (cf. Chapter 1.1.1), the ROMP of M5 could be 

performed at very low concentration ([M5]0 = 0.05 M) in order to keep an acceptable 

viscosity throughout the polymerization. After 7 h the reaction was quenched by the addition 

of a large excess of ethyl vinyl ether, respectively, and the resultant polymer could be isolated 

via precipitation in diethyl ether in good yields of typically > 80 %. Noteworthy, a 

characteristic color change of the reaction solution from red to yellow after ~1 h indicated 

complete initiation of G I under the conditions applied. 

1
H NMR spectroscopy on isolated bulk material revealed the complete absence of residual 

starting monomer since no signals were detected in the range of  = 6.15 – 6.09 ppm where 

the olefinic resonances of M5 occur. Molecular weights as determined by GPC (in THF vs. 

PS standards) are considerably lower than expected theoretical values and do not increase 

significantly with increasing monomer-to-initiator ratios (Mn = 9.3 × 10
3
 g mol

-1
 for 

[M5]0/[G I]0 = 10 vs. Mn = 10.5 × 10
3
 g mol

-1
 for [M5]0/[G I]0 = 20; Table 5.1, entries 1 and 

2). Narrow molecular weight distributions of Mw/Mn ~ 1.1 were obtained in all cases. In 

contrast, polymer molecular weights as determined via 
1
H NMR spectroscopy by integrating 

the olefinic resonances at  = 5.45 – 5.11 ppm and the multiplet corresponding to the vinylic 

protons of the vinyl end group introduced by termination with ethyl vinyl ether resonating at 

 = 4.94 ppm are in good agreement with expected theoretical values and increase linearly 

with an increasing monomer-to-initiator ratio. This finding suggests that molecular weights of 

these hydrophilic homopolymers determined by GPC do not accurately reflect true values, 
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which could be attributed, e.g., to undesired interactions of the polymer with the stationary 

phase which could hamper a separation of solute molecules only by size exclusion. Note in 

this context, that GPC molecular weights of amphiphilic diblock copolymers poly(M5/M6m-

b-M1k) decrease with increasing block lengths of the hydrophilic macromonomer block (cf. 

Chapter 5.4.1). 

Table 5.1:  Polymerizations of macromonomers M5  and M6  in homogenous solution applying 

initiator G I.
a
 

entry mon. equiv
b
 

Mn,theo
c 

[10
3
 g mol

-1
] 

Mn,NMR
d 

[10
3
 g mol

-1
] 

Mn,GPC
e 

[10
3
 g mol

-1
] 

Mw/Mn
e
 

1 M5 10 21.2 21.0 9.3 1.13 

2 M5 20 42.4 36.4 10.5 1.09 

3 M6 10 6.2 6.7 6.2 1.07 

4 M6 20 12.4 12.1 9.6 1.06 

5 M6 30 18.6 19.1 10.9 1.07 

6 M6 40 24.8 n.d. 12.2 1.12 

7 M6 50 31.0 n.d. 11.9 1.12 

8 M6 70 43.4 n.d. 11.6 1.13 

a
Polymerization temperature 25  °C; solvent CH 2Cl2; reaction time: 7  h for M5 and 4 h for M6; 

PPh3/G I = 3 for M5  and 2 for M6; [M]0 = 0.05 M for M5  and 0.2 for M6; quenching with 

excess ethyl vinyl ether. 
b
Molar equivalents of monomer to initiator.  

c
Theoretical number 

average polymer molecular weight based on the initial monomer feed. 
d
Determined via 

1
H 

NMR spectroscopic end group analysis.  
e
Determined by GPC in THF vs.  polystyrene standards.

 

Due to its significantly lower molecular weight compared to M5, ROMP of 

macromonomer M6 in the presence of 2 eq PPh3 relative to initiator G I could be conducted 

by applying a broader range of monomer-to-initiator ratios of [M6]0/[G I]0 = 10 – 70 (Table 

5.1, entries 3 – 8). The polymerizations were conducted for 4 h, respectively, during which 

the characteristic color change from red to yellow was observed, indicating an efficient 

initiation of G I under these conditions. Upon termination with ethyl vinyl ether, the polymer 

was isolated by evaporation of the solvent, since it did not form a filterable precipitate in any 

common solvent (diethyl ether, pentane, acetone,…). 
1
H NMR spectroscopy on this isolated 

material revealed complete monomer consumption since no resonances corresponding to the 

olefinic protons of M6 were detected. 

Comparable to the ROMP of M5, apparent GPC molecular weights (in THF vs. PS 

standards) do not increase linearly with an increasing monomer-to-initiator ratio, whereas 
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molecular weights determined by 
1
H NMR spectroscopic end group analysis generally are in 

excellent agreement with expected values. While molecular weights as determined by GPC 

reasonably correlate with expected theoretical values in a molecular weight range of 

Mn < 10 × 10
3
 g mol

-1
, i.e., initial monomer-to-initiator ratios of [M6]0/[G I]0 < 20, only a 

marginal increase was obsereved upon further increasing the initial monomer-to-initiator ratio 

even up to [M6]0/[G I]0 = 70. Narrow molecular weight distributions of typically 

Mw/Mn ~ 1.1 were observed in all cases. Note in this context that GPC measurements (in THF 

vs. PS standards) on neat macromonomers M5 and M6 were in reasonable agreement with 

expected values and confirmed polydispersity indexes close to unity (Mn = 3.0 × 10
3
 g mol

-1
 

and Mw/Mn = 1.04 for M5, Mn = 0.7 × 10
3
 g mol

-1
 and Mw/Mn = 1.05 for M6) (cf. 

Chapter 5.2.1). For an initial ratio of [M6]0/[G I]0 = 30 a number average polymer molecular 

weight of Mn = 10.9 × 10
3
 g mol

-1
 was determined by GPC vs. Mn = 19.1 × 10

3
 g mol

-1
 via 

1
H 

NMR spectroscopy which is in good agreement with the theoretical value of 

Mn,theo = 18.6 × 10
3
 g mol

-1
. 

The finding that the polymer molecular weight linearly increases with increasing molar 

equivalents of macromonomers M5 or M6 to initiator as demonstrated by 
1
H NMR 

spectroscopy as well as narrow molecular weight distributions of typically Mw/Mn ~ 1.1 as 

determined by GPC indicate the living character of the ROMP reaction under the conditions 

applied and demonstrate the suitability of this approach for the preparation of diblock 

copolymers. 

5.3.2 ROMP of trans-Cyclooctene in Homogeneous Solution 

The living ROMP of trans-cyclooctene M1 has already been reported previously, where 

the presence of a large excess of PPh3 relative to initiator G I (60 eq) and the use of THF as a 

solvent has been demonstrated to be necessary to suppress competing secondary metathesis to 

a large extent.
75

 Due to its significance for the approach reported herein and as a reference for 

the following diblock copolymerization experiments (cf. Chapter 5.4.1), this reaction was 

further investigated. For this purpose, the G I-mediated ROMP of M1 applying different 

monomer-to-initiator ratios in the range of [M1]0/[G I]0 = 300 – 2000 was conducted under 

these previously reported conditions (Table 5.2, entries 1 – 5). Fast and complete initiation 

was evident by the immediate color change of the reaction solution from red to yellow upon 

addition of the initiator (dissolved in THF) to the monomer solution. After 5 min the 

polymerization was terminated by the addition of ethyl vinyl ether and the polymer was 

isolated by precipitation in acetone in typically quantitative yields. A linear relationship 
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between polymer molecular weights determined by GPC (in THF vs. PS standards) and the 

initial monomer-to-initiator ratio in combination with constantly narrow molecular weight 

distributions of Mw/Mn ~ 1.2 even up to high monomer-to-initiator ratios of 

[M1]0/[G I]0 = 2,000 demonstrates a living polymerization behavior under these conditions 

(Figure 5.5a). Noteworthy, similar results were obtained in CH2Cl2 as a solvent, thus, 

indicating a limited influence of the solvent on the G I-mediated ROMP of M1. 

Table 5.2:  Polymerizations of M1  in homogenous solution applying initiators G I and 

G I-PDI.
a
 

entry initiator equiv
b
 

[M]0 

[mol L
-1

] 

yield 

[%] 

Mn,theo
c 

[10
3
 g mol

-1
] 

Mn
d 

[10
3
 g mol

-1
] 

Mw/Mn
d
 

1 G I 300 0.5 63 33.1 62 1.19 

2 G I 500 0.5 98 55.1 103 1.22 

3 G I 1,000 0.5 99 110.2 184 1.24 

4 G I 1,500 0.1 99 165.3 281 1.25 

5 G I 2,000 0.1 97 220.4 364 1.23 

6 G I-PDI 700 0.5 95 77.1 255 1.28 

7 G I-PDI 1,300 0.5 95 143.3 424 1.26 

8 G I-PDI 2,000 0.1 98 220.4 594 1.28 

a
Polymerization temperature 25 °C; reaction time 5 min; solvent THF; PPh 3/initiator = 60; 

quenching with excess ethyl vinyl ether.  
b
Molar equivalents of monomer to initiator.  

c
Theoretical number average polymer molecular weight based on the initial monomer feed.  

d
Determined by GPC in THF vs.  polystyrene standards.

 

Molecular weights as determined by GPC are constantly higher than expected theoretical 

values by a factor of ~2, respectively, which indicates that the GPC method applied 

significantly overestimates the molecular weight of poly(cyclooctene). This could be further 

evidenced via 
1
H NMR spectroscopic determination of the polymer molecular weight via 

integrating the signals of the internal olefinic protons resonating at  = 5.55 – 5.17 ppm and 

the multiplet corresponding to the vinylic protons of the vinyl end group introduced by 

termination with ethyl vinyl ether resonating at  = 5.03 – 4.90 ppm. For the polymer 

prepared via G I-mediated ROMP of M1 with a monomer-to-initiator ratio of 

[M1]0/[G I]0 = 500 (Table 5.2, entry 2) a molecular weight of Mn = 65.4 × 10
3
 g mol

-1
 was 

determined via this method, which is in better agreement with the expected theoretical value 

of Mn,theo = 55.1 × 10
3
 g mol

-1
 than the molecular weight of Mn = 103.0 × 10

3
 g mol

-1
 

determined via GPC. 
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Similar results were obtained by applying fluorescence labeled G I analogous Ru-

alkylidene G I-PDI as an initiator (Table 5.2, entries 6 – 8). A linear relationship between 

apparent molecular weights determined by GPC (in THF vs. PS standards) vs. the initial 

monomer-to-initiator ratio as well as generally narrow molecular weight distributions of 

typically Mw/Mn = 1.2 – 1.3 demonstrate the living character of this ROMP reaction applying 

fluorescence functionalized G I-PDI (Figure 5.5b). A fast and efficient initiation step was 

evident by the immediate fluorescence increase upon addition of non-fluorescent G I-PDI 

(dissolved in THF) to the monomer solution. The covalent attachment of the PDI molecule to 

the polymer chain was demonstrated by repeated dissolving of the polymer in CH2Cl2 and 

precipitation in acetone, where neither discoloration of the polymer nor coloration of the 

filtrate was observed. GPC measurements employing a UV/Vis absorption detector in 

combination with common RI detection further verified a covalent attachment, since an 

absorption signal at  = 570 nm was observed via UV/Vis detection at the same elution 

volume than the signal in the RI detector corresponding to the polymer. 

 

Figure 5.5:  Control over the resultant molecular weight (red squares) and molecular weight 

distribution (blue circles) by varying the initial monomer to initiator ratio for the ROMP of M1 

with (a) G I  and (b) G I-PDI. 

The inherent phenomenon of non-fluorescent Ru-alkylidene G I-PDI that fluorescence is 

restored upon initiation and subsequent cleavage of the PDI dye from the metal (cf. 

Chapter 3.2) allowed for a straightforward monitoring of the initiation step of G I-PDI during 

the ROMP of M1 by fluorescence spectroscopy in order to investigate the influence of excess 

PPh3 on the kinetics of this reaction. For this purpose, the fluorescence intensity of a solution 

of G I-PDI (2.0 × 10
-5

 M) without additional PPh3 and in the presence of excess PPh3 

(PPh3/G I-PDI = 60) in toluene at the emission maximum of the PDI dye ( = 619 nm) was 

monitored over time, respectively (Figure 5.6). Upon addition of M1 

([M1]0/[G I-PDI]0 = 500), a fast increase of the fluorescence intensity, corresponding to 

initiation of G I-PDI, was observed in both cases (Figure 5.6a). In order to obtain the 
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fluorescence intensity corresponding to complete initiation as a reference, excess ethyl vinyl 

ether was added at the end of each reaction. While only ~20 % initiation was observed in the 

absence of additional PPh3 (Figure 5.6a, red curve), complete initiation after ~10 min was 

observed in the presence of excess PPh3 (PPh3/G I-PDI = 60; blue curve). The unusual slow 

initiation after an initial very fast initiation step in the presence of excess PPh3 (blue curve) 

presumably can be attributed to insufficient stirring due to the quickly resulting high viscosity 

of the polymer solution leading to a diffusion-controlled reaction under these conditions. 

These experiments clearly demonstrate that additional PPh3 strongly increases the ri/rp ratio, 

leading to an increased living character of this ROMP reaction. 

 

Figure 5.6:  Fluorescence intensity increase at   = 619 nm over time during the reaction of 

G I-PDI  (2.0 × 10
-5

 M) with (a) trans-cyclooctene M1  (0.01 M; [M1/G I-PDI]0 = 500]) and (b) 

isolated poly(cyclooctene) (Table 5.2, entry 2; “[M1/G I-PDI]0 = 500”) in toluene at 20 °C 

without additional PPh3 (red curves) and in the presence of excess PPh 3 (PPh3/G I-PDI = 60; 

blue curves). Non-initiated G I-PDI  was terminated by the addition of excess ethyl vinyl ether 

in order to obtain a reference fluorescence intensity corresponding to complete initiation.  

Upon addition of isolated poly(cyclooctene) (from the experiment in Table 5.2, entry 2) to 

the initiator solution (“[M1/G I-PDI]0 = 500”), a comparatively strong increase of the 

fluorescence intensity was observed (Figure 5.6b, red curve) in comparison to the identical 

experiment in the presence of excess PPh3 (PPh3/G I-PDI = 60; blue curve), where only a 

marginal increase of the fluorescence intensity was observed. Thus, additional PPh3 

apparently largely suppresses the reaction of the Ru-alkylidene with internal double bonds 

within the polymer backbone. This qualitative experiment points to the fact that excess PPh3, 

while increasing ri/rp, simultaneously decreases the rate for undesired chain transfer reactions 

rs (“secondary metathesis”), which altogether results in a significantly increased living 

character of this ROMP reaction in the presence of additional phosphine. These findings and 

understanding essentially agree with a previous study based on GPC measurements of isolated 

polymers.
75

 The results presented here, thus, nicely demonstrate the utility of fluorescence 

monitoring as a rapid and versatile methodology. 
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5.4 Synthesis of Amphiphilic Diblock Copolymers 

5.4.1 Sequential ROMP of Macromonomers and trans-Cyclooctene 

Amphiphilic diblock copolymers poly(M5/M6m-b-M1k) and their fluorescence labeled 

equivalents poly(M5/M6m-b-M1k)-PDI were obtained via G I- and G I-PDI-initiated 

sequential ROMP of macromonomers M5/M6 and trans-cyclooctene M1, respectively, by 

sequentially combining the conditions for a living ROMP of these individual monomers 

identified in the homopolymerization experiments of each monomer (cf. Chapter 5.3). For 

this purpose, generally the hydrophilic macromonomer was polymerized first in the presence 

of 2 (in the case of M6) – 3 (in the case of M5) eq PPh3 relative to initiator in CH2Cl2 (Figure 

5.7). 

 

Figure 5.7:  Reaction scheme of the sequential ROMP of macromonomers M5/M6  and trans-

cyclooctene M1  applying Ru-alkylidenes G I and G I-PDI to yield amphiphilic diblock 

copolymers poly(M5/M6m-b-M1k)  and poly(M5/M6m-b-M1k)-PDI, respectively. 

Upon complete monomer consumption (4 – 7 h), another 60 eq PPh3 relative to initiator 

were added and the reaction mixture was thoroughly cooled to 0 °C, which was found to be 

crucial for an efficient crossover reaction of the living carbene species bearing the poly(MM) 

block with the new monomer M1 (vide infra). trans-Cyclooctene M1 was added and allowed 

to react for 10 min, upon which an excess of ethyl vinyl ether was added in order to terminate 

the ROMP reaction. Resulting amphiphilic diblock copolymers were isolated in typically 

≥ 80 % yield by evaporation of the solvent and subsequent repeated washing of the residue 

with methanol. Note that direct precipitation of this material was not possible due to its 

amphiphilic character that prevents the formation of a filterable precipitate in any common 

solvent. 

A series of diblock copolymers with varying block ratios and lengths of the hydrophilic 

and hydrophobic fragments was prepared via this approach employing either M5 (Table 5.3, 

entries 1 – 6) or M6 (Table 5.3, entries 7 – 15) as hydrophilic building block. 
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Table 5.3:  Sequential ROMP of macromonomers M5/M6  and trans-cyclooctene M1  applying 

initiators G I and G I-PDI to yield amphiphilic diblock copolymers poly( M5/M6m-b-M1k) and 

poly(M5/M6m-b-M1k)-PDI, respectively.
a
 

entry MM initiator [MM/init.]0
 

[M1/init.]0 
M1/MM 

(theo)
b 

M1/MM 

(exp)
c
 

Mn
d 

[10
3
 g 

mol
-1

] 

Mw/

Mn
d
 

1 M5 G I 10 500 50 44 52 1.52 

2 M5 G I 20 500 25 30 187 1.35 

3 M5 G I 10 300 30 37 91 1.37 

4 M5 G I 20 300 15 21 73 1.53 

5 M5 G I 20 200 10 10 18 1.79 

6 M5 G I-PDI 20 200 10 12 27 1.57 

7 M6 G I 10 500 50 50 150 1.23 

8 M6 G I 20 500 25 33 140 1.40 

9 M6 G I 30 500 17 22 107 1.31 

10 M6 G I 40 500 13 17 99 1.28 

11 M6 G I 50 500 10 13 94 1.29 

12 M6 G I 70 500 7 7 52 1.73 

13 M6 G I 100 500 5 7 43 2.39 

14 M6 G I-PDI 30 500 17 23 222 1.27 

15 M6 G I-PDI 70 200 3 2 51 1.72 

a
Reaction conditions for the ROMP of the first monomer block (macromonomers M5  or M6): 

Polymerization temperature 25  °C; reaction time 7  h for M5  and 4 H for M6; solvent CH2Cl2;  

[M5]0 = 0.05 M, [M6]0 = 0.2 M; PPh3/initiator = 3 for M5  and PPh3/initiator = 2 for M6 .  

Reaction conditions for the ROMP of the second monomer block ( M1): Polymerization 

temperature 0 °C; [M1]0 = 0.25 M; reaction time 10 min; PPh3 /initiator = 60; quenching with 

excess ethyl vinyl ether.  
b
Theoretical molar ratio of M1  and the macromonomer (M5  or M6) 

within the resulting diblock copolymer based on initial monomer -to-initiator ratios. 
c
Molar 

ratio of M1  and the macromonomer (M5  or M6) within the resulting diblock copolymer  as 

determined via 
1
H NMR spectroscopy. 

d
Determined by GPC in THF vs.  polystyrene standards.  

Since an essential aim of this work was the generation of self-stabilized high molecular 

weight PE nanoparticles, monomer-to-initiator ratios in the range of [M1]0/[init.]0 = 200 –

 500 were employed to finally yield theoretical molecular weights of the hydrophobic PE 

block in the range of Mn,theo = 22 – 55 × 10
3
 g mol

-1
, which is far above the PE molecular 

weights of surfactant-free PE nanoparticles reported so far (cf. Chapter 5.1). Target molar 

ratios between M1 and the macromonomer within resulting diblock copolymers were in the 
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range of M1/M5 = 10 – 50 and M1/M6 = 3 – 50, corresponding to a weight fraction of the 

hydrophilic macromonomer of 28 – 65 % in the former and 10 – 65 % in the latter case. 

Monomodal rather narrow molecular weight distributions of Mw/Mn = 1.3 – 1.8 and 

Mw/Mn = 1.2 – 1.7 as determined via GPC (in THF vs. PS standards) were obtained in all 

cases employing M5 and M6, respectively. Comparable results were obtained employing 

either G I-PDI or its non-functionalized equivalent G I, e.g., for poly(M520-b-M1200) 

prepared with G I a molecular weight of Mn = 18 × 10
3
 g mol

-1
 with a molecular weight 

distribution of Mw/Mn = 1.79 was obtained (Table 5.3, entry 5) vs. Mn = 27 × 10
3
 g mol

-1
 and 

Mw/Mn = 1.57 for poly(M520-b-M1200)-PDI prepared with G I-PDI under otherwise identical 

conditions (Table 5.3, entry 6). Apparent polymer molecular weights of these amphiphilic 

diblock copolymers as determined via GPC were found to roughly linearly decrease with 

increasing chain lengths of the hydrophilic polymer block (Table 5.3, entries 7 – 13). This 

presumably can be attributed to the molecular weight determination procedure vs. PS 

standards that apparently insufficiently reflects true values due to a variable aggregation or 

conformation of the amphiphilic polymers in solution depending on their composition. 

Noteworthy, cooling of the reaction solution prior to addition of the second monomer M1 

was found to be essential in order to obtain well-defined monomodal diblock copolymers. In 

the case of poly(M620-b-M1500), conducting the sequential ROMP constantly at room 

temperature yields material with a pronounced bimodal molecular weight distribution, 

possessing two distinct peaks at Mn = 36 × 10
3
 g mol

-1
 and Mn = 252 × 10

3
 g mol

-1
 (Figure 

5.8a), while cooling to 0 °C prior to addition of M1 yields a monomodal diblock copolymer 

with a number average molecular weight of Mn = 140 × 10
3
 g mol

-1
 and a rather narrow 

molecular weight distribution of Mw/Mn = 1.40 (Table 5.3, entry 8) under otherwise identical 

conditions (Figure 5.8b). This probably can be attributed to an insufficient crossover reaction 

of the living carbene species at the chain end of the first monomer block with the newly added 

monomer M1 at room temperature,
272

 which finally leads to a mixture of the desired diblock 

copolymer and homopolymer of the first monomer. This can be rationalized by the reasonable 

assumption that the reaction rate of the carbene species bearing the sterically demanding 

poly(MM) block with M1 is slow compared to the propagation rate of M1. Cooling to 0 °C 

apparently increases the ki/kp ratio of this system, leading to the virtually exclusive formation 

of the desired diblock copolymer. This assumption is supported by a study reported 

previously where similar results have been observed.
268
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Figure 5.8:  GPC profiles  (in THF vs.  PS standards) of resultant polymers poly(M620-b-M1500)  

from the sequential ROMP of macromonomer M6  and M1  (a) constantly conducted at 20  °C 

and (b) cooled to 0 °C prior to the addition of the second monomer M1  (Table 5.3, entry 8) 

under otherwise identical conditions.  

1
H NMR spectroscopy on these isolated diblock copolymers revealed the complete 

absence of any residual starting monomer since generally no signals were detected in the 

range of  = 6.15 – 6.09 ppm corresponding to olefinic resonances of M5 or M6. Molar ratios 

of M1 and macromonomers M5 or M6 within isolated diblock copolymers were determined 

by 
1
H NMR analysis via integration of the resonance signals at  = 3.64 ppm and 

 = 3.38 ppm corresponding to the protons of the PEG-backbone and the methoxy end group, 

respectively, as well as of the signals at  = 5.41 – 5.31 ppm,  = 2.06 – 1.86 ppm and 

 = 1.30 ppm corresponding to the olefinic protons, the methylene bridges next to the double 

bonds and the methylene bridges within the backbone of the poly(cyclooctene) block, 

respectively (Figure 5.9a). In all cases, experimentally determined compositions were 

consistent with theoretical compositions based on the initial monomer feed, indicating nearly 

complete consumption of monomer in both stages of the polymerization (Figure 5.9b). This 
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demonstrates a reasonable control over resultant diblock copolymer compositions with respect 

to the block length of the individual hydrophilic and hydrophobic fragments under the 

conditions applied via adjusting the monomer feed ratios. 

 

Figure 5.9:  (a) 
1
H NMR spectrum (400 MHz, CDCl3, 25 °C) of amphiphilic diblock copolymer 

poly(M520-b-M1200)-PDI (Table 5.3, entry 6) synthesized via sequential ROMP of 

macromonomer M5  and trans-cyclooctene M1  applying G I-PDI as initiator. (b)  Molar ratio of 

M1 and macromonomer  (MM) within the resulting diblock copolymer poly( MMm-b-M1k)  

determined via 
1
H NMR spectroscopy (blue circle: MM = M5; red square: MM = M6) as a 

function of the theoretical composition based on the initial monomer feed . The bisecting line 

(black dotted line) represents perfect matching between experimental and theoretical values.  

5.4.2 Hydrogenation of Unsaturated Amphiphilic Diblock Copolymers 

Amphiphilic PE-containing diblock copolymers poly(M5/M6m-b-M1k)hyd and their dye 

labeled equivalents poly(M5/M6m-b-M1k)hyd-PDI were obtained via exhaustive 

hydrogenation of unsaturated polymers poly(M5/M6m-b-M1k) and poly(M5/M6m-b-

M1k)-PDI, respectively (Figure 5.10a). Ruthenium alkylidene G II, which was previously 
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quenched with ethyl vinyl ether to yield the corresponding Fischer carbene complex 

[(NHC)(PCy3)(Cl)2Ru=CHOEt] in order to suppress any undesired secondary metathesis 

activity, was applied as a hydrogenation catalyst, since its applicability to effectively promote 

the hydrogenation of poly(cyclooctene) has already been demonstrated (cf. Chapter 3.4.1). 

 

Figure 5.10:  (a) Reaction scheme for  the hydrogenation of unsaturated diblock copolymers  

poly(M5/M6m-b-M1k) to yield amphiphilic PE-containing diblock copolymers poly( M5/M6m-b-

M1k)hyd.  (b) 
1
H NMR spectra of amphiphilic diblock copolymer poly( M520-b-M1200)-PDI 

(Table 5.3, entry 6) before (top; 400 MHz, CDCl3, 25 °C) and after (bottom; 400 MHz, 

C2D2Cl4, 130 °C) exhaustive hydrogenation.  

For this purpose, the unsaturated diblock copolymers were dissolved in xylene and the 

hydrogenation catalyst was added in a molar ratio of monomer units to hydrogenation catalyst 

of ~500. Note that this is significantly lower than the ratio applied for the hydrogenation of 

unsaturated poly(cyclooctene) nanoparticles in aqueous dispersion (monomer/G II = 2,500) 

(cf. Chapter 3.4.1). In the latter case, the amount of hydrogenation catalyst was minimized 

due to the finding that fluorescence quantum yields were mainly controlled by residual Ru 

originating from the hydrogenation catalyst and the difficulty to purify the final aqueous PE 

nanocrystal dispersions, while this does not apply to the approach followed here. The 

hydrogenation was conducted at 130 °C and 30 bar H2 pressure for 66 h, upon which the 
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saturated polymers were isolated in nearly quantitative yields via evaporation of the solvent 

and repeated washing with methanol. 

Exhaustive hydrogenation (> 99.9 %) of the polymer backbone under these conditions was 

confirmed by 
1
H NMR spectroscopy on isolated bulk material due to the complete 

disappearance of resonance signals at  = 5.41 – 5.31 ppm and  = 2.06 – 1.86 ppm, 

corresponding to unsaturation within the PE backbone, after hydrogenation, respectively 

(Figure 5.10b). The diblock copolymer composition of isolated material after hydrogenation 

remained unchanged with respect to initial molar ratios of M1 and macromonomer M5/M6 

within the unsaturated polymer before hydrogenation as confirmed via 
1
H NMR spectroscopy 

by integrating the signals at  = 3.69 ppm and  = 3.42 ppm corresponding to the protons of 

the PEG-backbone and the methoxy end group, respectively, as well as of the signal at 

 = 1.36 ppm corresponding to the protons of the saturated PE backbone. While a molar ratio 

of M1/M5 = 12 was determined for unsaturated diblock copolymer poly(M520-b-M1200)-PDI 

(Table 5.3, entry 6), a ratio of M1/M5 = 9 was found for the hydrogenated material 

poly(M520-b-M1200)hyd-PDI (M1/M5theo = 10). 

The fluorescent PDI dye introduced via initiation with G I-PDI apparently was stable 

under these hydrogenation conditions since poly(M520-b-M1200)hyd-PDI was isolated as a light 

red polymer and still exhibited an unaltered strong fluorescence after hydrogenation. To 

underline this finding, as a comparative experiment neat PDI 6 was dissolved in xylene and 

exposed to these hydrogenation conditions. Apparently, no reaction occurred as verified by 
1
H 

NMR spectroscopy on isolated material after workup, thus, demonstrating the stability of this 

PDI dye under these hydrogenation conditions. The unaltered covalent attachment of the PDI 

moiety as a chain end group was underlined by repeated washing of poly(M520-b-

M1200)hyd-PDI with methanol since neither discoloration of the polymer nor coloration of the 

solvent was observed after several cycles. 

5.5 Surfactant-Free PE Nanocrystal Dispersions via 

Nanoprecipitation of Amphiphilic Diblock Copolymers 

In general, polymer nanoparticles can be generated by two different approaches, that is, 

directly by polymerization in highly-disperse heterophase systems or via post-polymerization 

dispersion techniques. For the latter approach, typically the polymer is dissolved in a water-

miscible organic solvent, such as THF, and this solution is rapidly injected into an excess of 

water under intense stirring (‘nanoprecipitation’).
273

 Polymer nanoparticles with particle sizes 

of only tens of nanometers in diameter have been shown to be accessible via this 
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approach.
274,275

 Thus, this nanoprecipitation technique was applied for the generation of 

aqueous nanoparticle dispersions from these amphiphilic diblock copolymers. For this 

purpose, two different approaches were followed, namely: (a) nanoprecipitation of 

unsaturated amphiphilic diblock copolymers poly(M5/M6m-b-M1k) and subsequent 

hydrogenation in aqueous dispersion as well as (b) nanoprecipitation of previously 

hydrogenated diblock copolymers poly(M5/M6m-b-M1k)hyd to directly yield the desired self-

stabilized PE nanocrystals without the need for further conversions in dispersion. 

For the former approach, 0.18 wt% THF solutions of unsaturated amphiphilic diblock 

copolymers poly(M5/M6m-b-M1k) were nanoprecipitated in Milli-Q water to yield aqueous 

nanoparticle dispersions with 0.01 wt% polymer content. Nanoprecipitation of a series of 

polymers with the general composition poly(M6m-b-M1500) with a constant poly(cyclooctene) 

block length (Mn,theo = 55 × 10
3
 g mol

-1
) and increasing block lengths of the hydrophilic 

fragment from m = 0 – 70 (Table 5.2, entry 2; Table 5.3, entries 7, 8, 10 and 12) clearly 

demonstrated that the particle size of resulting surfactant-free polymer nanoparticles strongly 

depends on the polymer composition (Figure 5.11). 

 

Figure 5.11:  DLS size distribution by number of  aqueous polymer nanoparticle dispersions 

obtained via nanoprecipitation (injection of a 0.18  wt% THF solution of polymer into Milli -Q 

water to yield a dispersion with 0.01  wt% polymer content, respectively) of unsaturated 

amphiphilic diblock copolymers po ly(M6m-b-M1500) (black: m = 0; orange: m = 10; 

blue: m = 20; green: m = 40; red: m = 70) (cf. Table 5.2, entry 2; Table 5.3, entries 7, 8, 10 

and 12) and corresponding number and volume average particle sizes as determined via DLS 

(Table). 

Decreasing particle sizes with increasing block lengths of the hydrophilic block were 

evident from DLS measurements, e.g., while a number average particle size of DN = 59 nm 

was determined for the diblock copolymer with m = 10, corresponding to a weight fraction of 

hydrophilic macromonomer M6 within the diblock polymer of 10 %, a particle size of 

DN = 28 nm was determined for the equivalent polymer with m = 70 that corresponds to a 
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weight fraction of 45 % M6 within the polymer. For comparison, nanoprecipitation of 

poly(cyclooctene) homopolymer (m = 0) resulted in the formation of large, colloidally 

unstable particles with an initial number average particle size of DN = 150 nm as determined 

via DLS (Figure 5.11, black curve). In comparison to the dispersions prepared from 

amphiphilic diblock copolymers with m ≥ 10 which instantaneously became clear upon 

injection of the polymer solution into water, the aqueous dispersion prepared via 

nanoprecipitation of poly(cyclooctene) homopolymer (m = 0) under otherwise identical 

conditions was turbid, indicating the formation of larger aggregates. This becomes even more 

evident when comparing the volume average particle sizes determined via DLS since a size of 

DV = 218 nm was determined for the poly(cyclooctene) homopolymer dispersion vs. 

DV = 37 nm for the dispersion prepared with diblock copolymer poly(M670-b-M1500) (Figure 

5.11, Table, entries 1 and 5). As a reference experiment, nanoprecipitation of a mixture of 

poly(cyclooctene) homopolymer and 30 wt% monomer M6 also resulted in the formation of 

large particles with a DLS number average particle size of > 100 nm. This series of 

experiments clearly demonstrates the beneficial influence of the amphiphilic copolymeric 

architecture on the nanoparticle formation behavior in aqueous medium and consequently 

underlines the suitability of the approach reported here. 

Nanoprecipitation of poly(M5m-b-M1k), with a significantly higher molecular weight PEG 

of Mn(PEG) ~ 2,000 g mol
-1

 per unit of M5 (vs. Mn(PEG) ~ 500 g mol
-1

 for M6), under 

otherwise identical conditions followed the same trend of a decreasing particle size with an 

increasing block length of the hydrophilic macromonomer. Nanoprecipitation of poly(M520-b-

M1500) (Table 5.3, entry 2) yielded an aqueous nanoparticle dispersion with a DLS number 

average particle size of DN = 41 nm. Noteworthy, all dispersions prepared via 

nanoprecipitation of amphiphilic diblock copolymers were colloidally stable over time as 

evidenced by unaltered particle sizes determined by DLS even after months. 

In order to obtain the corresponding saturated self-stabilized PE nanocrystals, 

hydrogenation experiments of these unsaturated nanoparticle dispersions were conducted. For 

this purpose, the hydrogenation catalyst (G II reacted with excess ethyl vinyl ether; cf. 

Chapters 3.4.1 and 5.4.2) was introduced via addition to the polymer solution and subsequent 

nanoprecipitation of this polymer/hydrogenation catalyst solution. Resulting nanoparticle 

sizes were not affected by this procedure as verified by DLS measurements. However, 

subsequent hydrogenation at 60 °C and 10 bar H2 for 24 h resulted in substantial coagulation 

in all cases. This can be attributed to the elevated pressure needed for effective hydrogenation 

since pressurizing to 6 bars and subsequent depressurizing of the dispersions in the absence of 
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hydrogenation catalyst at room temperature also resulted in coagulation. Attempts to conduct 

the hydrogenation at atmospheric pressure in a Schlenk flask equipped with a hydrogen-filled 

balloon failed, i.e., no saturation of the polymer backbone under these conditions was 

observed as verified via 
1
H NMR spectroscopy on isolated bulk material. Thus, this route was 

not pursued further. 

 

Figure 5.12:  Schematic illustration of the formation of self-stabilized fluorescence labeled PE 

nanocrystals via self-assembly of amphiphilic PE-containing diblock copolymers during 

nanoprecipitation in aqueous medium. 

As an alternative approach, nanoprecipitation of previously hydrogenated diblock 

copolymers poly(M5/M6m-b-M1k)hyd directly yielded the desired self-stabilized PE 

nanocrystals, thus avoiding further conversions in dispersion. For this purpose, saturated PE-

containing amphiphilic diblock copolymers, which were obtained via hydrogenation of 

corresponding unsaturated diblock copolymers (cf. Chapter 5.4.2), were dissolved in 1,4-

dioxane at 120 °C in a closed vial to yield a 0.18 wt% solution, respectively. This was 

necessary since all saturated diblock copolymers were completely insoluble at room 

temperature in any common solvent. This hot solution was injected into vigorously stirred 

Milli-Q water via a glass pipette, which had been heated previously in order to prevent 

precipitation of the polymer within the pipette, to yield aqueous surfactant-free PE 

nanocrystal dispersions with 0.01 wt% polymer content. As a result of the very fast solvent 

exchange during this nanoprecipitation procedure, core/shell-like nanoparticles are generated 

via self-assembly of these amphiphilic diblock copolymers, where the hydrophobic PE 

fragments form a crystalline core that is shielded from the aqueous environment via the 

covalently attached hydrophilic polymer blocks which in the following prevent these particles 

from aggregating to larger structures via steric stabilization (Figure 5.12). Other solvents 

tested, such as THF, NMP, and polyTHF (Mn ~ 250 g mol
-1

), were not applicable, essentially 

due to a poor solubility of the saturated diblock copolymers even upon heating under pressure 

in a closed vial. 
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Figure 5.13:  (a)  DLS size distribution by number of  aqueous polymer nanoparticle dispersions 

obtained via nanoprecipitation of amphiphilic PE -containing diblock copolymers 

poly(M5/M6m-b-M1k)hy d  (injection of a hot 0.18  wt% 1,4-dioxane solution of polymer into 

Milli-Q water to yield a dispersion with 0.01  wt% polymer content, respectively).  

(b) Hydrodynamic radius determined via flow field -flow fractionation (flow FFF) of 

nanoparticles NP-5  obtained via nanoprecipitation of poly( M520-b-M1200)hy d-PDI. (c) Aqueous 

dispersion of self-stabilized fluorescence labeled PE nanocrystals NP-5  obtained via 

nanoprecipitation of  poly(M520-b-M1200)hyd-PDI under ambient (left) and UV light (right).  

Comparable to nanoprecipitation of their unsaturated counterparts (vide infra), decreasing 

particle sizes with increasing ratios between the hydrophilic and hydrophobic blocks within 

the diblock copolymers were observed as determined via DLS (Figure 5.13a). Decreasing the 

hydrophobic block length in poly(M520-b-M1k)hyd from k = 500 

(Mn,theo(PE) = 55 × 10
3
 g mol

-1
) to k = 300 (Mn,theo(PE) = 33 × 10

3
 g mol

-1
) and k = 200 

(Mn,theo(PE) = 22 × 10
3
 g mol

-1
) with a constant block length of the hydrophilic fragment 

(m = 20; corresponding to a weight fraction of the hydrophilic block within the diblock 

copolymer of 43 – 65 %), results in decreasing number average particle sizes of surfactant-

free PE nanoparticles that were obtained via nanoprecipitation of these diblock copolymers of 

DN = 146 nm, DN = 69 nm, and DN = 47 nm, respectively. Similar results were obtained with 

fluorescence labeled polymers poly(M5/M6m-b-M1k)hyd-PDI. While large particles 

(DN = 146 nm) were obtained via nanoprecipitation of poly(M520-b-M1500)hyd, significantly 
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smaller particles with a DLS number average particle size of DN = 85 nm were obtained via 

nanoprecipitation of poly(M670-b-M1500)hyd (Figure 5.13a, blue curve). Thus, since the PE 

molecular weight of Mn,theo = 55 × 10
3
 g mol

-1
 as well as the weight fraction of the hydrophilic 

block of ~43 % is equal within both diblock copolymers, this finding points to the fact that 

incorporation of shorter PEG chains (Mn ~ 500 g mol
-1

 vs. Mn ~ 2,000 g mol
-1

) but in turn 

with a higher molar ratio within amphiphilic diblock copolymers ensures a better stabilization 

of the nanoparticles. However, upon decreasing the PE molecular weight within the 

amphiphilic diblock copolymers to Mn,theo = 22 – 33 × 10
3
 g mol

-1
, similar results were 

obtained with M6-based diblock copolymers compared to M5-based polymers. 

In comparison to nanoprecipitation of unsaturated amphiphilic diblock copolymers, 

generally larger particles sizes determined via DLS were obtained via nanoprecipitation of 

their hydrogenated counterparts, e.g., while a particle size of DN = 28 nm was determined for 

nanoparticles generated from poly(M670-b-M1500) (Figure 5.11), a size of DN = 85 nm was 

observed for saturated poly(M670-b-M1500)hyd (Figure 5.13a). This presumably can be 

attributed to the significantly lower solubility of the hydrogenated polymers, entailing a 

completely different nanoprecipitation procedure via injecting a hot polymer solution into 

water, which in turn leads to the formation of some larger multilamellar aggregates in addition 

to the desired single crystalline PE particles as verified via TEM (vide infra). 

Fluorescence labeled surfactant-free PE nanocrystal dispersion NP-5 was obtained via 

nanoprecipitation of poly(M520-b-M1200)hyd-PDI. A hydrodynamic radius of Rh = 16 nm for 

these nanoparticles was determined via flow field-flow fractionation (flow FFF), which is in 

reasonable agreement with DLS and TEM measurements (Figure 5.13b). While this 

dispersion appeared clear and colorless under ambient conditions, it exhibited a strong 

fluorescence under UV light (Figure 5.13c). The dispersion was colloidally stable over time as 

verified by unaltered particle sizes determined via DLS even after weeks. As a comparative 

experiment, nanoprecipitation of PE homopolymers with comparable molecular weights 

(Mn,theo = 33 – 55 × 10
3
 g mol

-1
, generated via living G I-mediated ROMP of M1 and 

subsequent hydrogenation) in all cases resulted in instantaneous precipitation of the polymer 

upon injecting the hot polymer solution into water, i.e., no stable nanoparticles were generated 

under these conditions as expected. 

Transmission electron microscopy (TEM) on fluorescence labeled self-stabilized PE 

nanoparticles NP-5 revealed a uniform nanoparticle morphology, with respect to particle size 

and shape (Figure 5.14a). 
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Figure 5.14:  TEM images of self-stabilized PE nanocrystals generated via nanoprecipitation of 

amphiphilic PE-containing diblock copolymers (Right: Samples stained with phosphotungstic 

acid to increase contrast). (a)  Fluorescence labeled PE nanocrystals NP-5  generated from 

poly(M520-b-M1200)hyd-PDI. (b) PE nanocrystals generated from poly(M670-b-M1500)hy d. 

The characteristic straight edges of these particles, which become very obvious upon 

staining the particles with phosphotungstic acid, in combination with a distinct non-spherical, 

anisotropic shape, indicate a crystalline nature of these particles. This in turn suggests the 

expected core/shell-like composition, where the hydrophobic, crystalline PE core is shielded 

by a hydrophilic polymer layer. Hence, the PE crystalline lamella apparently also imparts 

shape upon the surrounding amorphous phase. According to these measurements, the particles 

typically possess an equatorial diameter of ca. 27 – 37 nm and a height of ca. 8 – 10 nm, 

which was determined from particles oriented parallel to the electron beam, i.e., they exhibit 

an oblate-like morphology. These particle dimensions are in good agreement with DLS as 

well as flow FFF measurements (vide supra) and are in the typical range of PE single crystals 
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(cf. Chapter 1.2.3), thus indicating a single crystalline habitus of these self-stabilized PE 

nanoparticles. Noteworthy, larger structures or aggregates were not observed. 

Similar results were obtained for PE nanoparticles that have been generated via 

nanoprecipitation of poly(M670-b-M1500)hyd with a remarkably high PE molecular weight of 

Mn,theo = 55× 10
3
 g mol

-1
. In this case, however, some larger multilamellar aggregates with 

diameters in the range of typically 80 – 110 nm were observed (Figure 5.14b), which 

presumably can be attributed to the higher PE molecular weight within this polymer compared 

to poly(M520-b-M1200)hyd-PDI and the corresponding lower solubility that hampers the 

nanoprecipitation procedure. Nevertheless, the predominant majority of particles exhibited the 

typical anisotropic, oblate-like shape, indicating a single-crystalline habitus, with an 

equatorial diameter of ca. 35 nm and a height of ca. 8 – 11 nm. Hence, this is one of the first 

examples for the generation of colloidally stable aqueous PE nanocrystal dispersions with a 

PE molecular weight in the range of Mn ~ 50× 10
3
 g mol

-1
 that does not require the addition of 

stabilizing agents. 

5.6 Tracing of Fluorescence Labeled Surfactant-Free PE 

Nanocrystals in HeLa Cells 

The suitability of fluorescence labeled surfactant-free PE nanocrystals NP-5 as model 

system for studies in biological systems was demonstrated by tracing them in HeLa cells via 

confocal fluorescence microscopy. For this purpose, the aqueous dispersion was subjected to 

intensive dialysis against water for several days in order to remove residual solvent 

originating from the nanoprecipitation procedure. 

 

Figure 5.15:  DLS size distribution by number of self-stabilized fluorescence labeled PE 

nanocrystals NP-5  in water (black), in cell growth medium after 24  h at 37 °C (blue) and of the 

neat growth medium (red).  
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Surfactant-free PE nanoparticles NP-5 were found to be colloidally stable under typical 

incubation conditions since no coagulation was observed upon dilution with growth medium 

as verified via DLS measurements (Figure 5.15). The slight increase of the nanoparticle size 

observed is indicative for the formation of a protein corona due to adsorption of proteins 

present in the growth medium to the particle surface. Interestingly, this was also observed for 

surfactant-stabilized PE nanocrystals NP-1 (cf. Chapter 3.5.1), where in contrast to sterically 

stabilized nanoparticles NP-5 colloidal stabilization was achieved by electronic repulsion of 

ions attached to the particle surface, thus indicating that attractive interactions between the PE 

nanoparticles and proteins exist independent of the nature of the nanoparticle surface. 

 

Figure 5.16:  Confocal fluorescence images  (left),  brightfield images of the identical region 

(middle) and overlays of both images (right)  of fixed HeLa cells incubated with increasing 

amounts of labeled self-stabilized PE nanocrystals NP-5  for 24 h (0.05 (a),  0.2 (b) and 0.4 (c) 

picograms of PE nanocrystals per cell, corresponding to incubation concentrations of 4, 16 and 

30 ng of PE nanocrystals per mL of growth medium, respectively) . 
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Incubation of HeLa cells with nanoparticles NP-5 was performed following the identical 

procedure that already has been described for surfactant-stabilized fluorescent PE 

nanocrystals (cf. Chapter 3.5.1). Self-stabilized PE nanocrystals NP-5 could be readily 

monitored within HeLa cells via confocal fluorescence microscopy (Figure 5.16). Typical 

incubation amounts that enabled a facile monitoring were in the range of 0.05 – 0.4 picograms 

of PE nanocrystals per cell, roughly corresponding to 0.5 – 4 × 10
3
 particles per cell 

(corresponding incubation concentrations were in the range of 4 – 30 ng of PE 

nanocrystals ≙ 40 – 300 × 10
6
 particles per mL of growth medium). 

 

Figure 5.17:  (a) Confocal fluorescence image (left), brightfield image of the identical region 

(middle) and an overlay of both images (right)  as well as (b) confocal fluorescence images at 

varying z-positions of the confocal plane  of fixed HeLa cells incubated with 0.4 picograms of 

labeled self-stabilized PE nanocrystals NP-5  per cell (corresponding to an incubation 

concentration of 30 ng of PE nanocrystals per mL of growth medium) for 24  h. 

Note that this is well below the typical incubation amount applied for surfactant-stabilized 

PE nanocrystals obtained via polymerization in aqueous microemulsion reported in 

Chapter 3.5.1, where a facile detection was given at an incubation concentration of 0.25 –

 6 picograms of PE nanocrystals per cell. This lower detection limit of self-stabilized PE 

nanocrystals NP-5 can be attributed to a significantly higher number of incorporated 

fluorescent reporter molecules per particle, essentially due to significantly lower polymer 
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molecular weights, compared to the particles obtained via direct polymerization in 

microemulsion, which results in an enhanced fluorescence brightness and consequently in a 

more sensitive traceability. Similar to the findings therein, the amount of particles taken up by 

the cells was found to correlate to the concentration of nanoparticles NP-5 within the growth 

medium during incubation, i.e. an increased integrated fluorescence intensity within the cells 

was observed with increasing nanoparticle incubation concentrations. In order to further 

verify the localization of the particles within the cellular cytosol, fluorescence images were 

recorded at varying z-positions of the focal plane by confocal microscopy. By comparison of 

different slices through the same cell a clear preference of the particles to accumulate in the 

cytosol rather than simple sedimentation on top of the cells or the bottom of the sample 

becomes evident (Figure 5.17). No penetration into the nucleus was observed as no increased 

fluorescence intensity could be detected within this region. 

These cellular uptake experiments verify an excellent colloidal stability of these 

surfactant-free nanoparticles even in a demanding environment and consequently demonstrate 

the reliability of the approach reported here of generating efficiently self-stabilized PE 

particles of only several nanometers in size via nanoprecipitation of amphiphilic PE-

containing diblock copolymers. 

5.7 Towards Further Functional PE Nanocrystals 

In order to enable a further functionalization of the fluorescence labeled self-stabilized 

anisotropic PE nanocrystals obtained so far, their generation from triblock copolymers 

obtained via sequential ROMP with additional functional cyclic comonomers was thought to 

be a promising approach. This could enable the incorporation of additional functional 

moieties, such as biomolecules, to further enhance the degree of nanoparticle enineering with 

respect to shape, traceability, (surface) functionalization, and colloidal stabilization. As 

suitable monomeric building units that could allow for the attachment of functionalities to the 

polymer scaffold, 5-hydroxy trans-cyclooctenes M2 and M3, where the hydroxyl-

functionalization is protected with a benzyl group in the former and a TBDMS group in the 

latter case, were identified. Their potential to afford linear narrowly dispersed 

poly(cyclooctene) block copolymers via living ROMP has already been reported.
75

 However, 

the subsequent post-polymerization deprotection and functionalization remained to be 

demonstrated. 

Functionalized trans-cyclooctenes M2 and M3 were synthesized via a 5-step procedure, 

respectively (Figure 5.18a). For this purpose, 1,5-cyclooctadiene (COD) was twofold 
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epoxylated via reaction with 2.5 eq of MCPBA and resultant 1,2,5,6-diepoxycyclooctane 

M2a was converted to 4,5-epoxycyclooctanol M2b via reduction with 0.5 eq of LiAlH4 in 

moderate yields of typically 40 – 45 %, respectively. Protection of the hydroxyl-group with 

either a benzyl- or a TBDMS-group was achieved by reaction of M2b with benzyl bromide in 

the presence of tBuOK as a sterically demanding base in the former and with TBDMS 

chloride under standard conditions for a silyl ether formation in the latter case to afford 

protected epoxycyclooctanols M2c and M3a in good yields of > 80 %, respectively. 

 

Figure 5.18:  (a) Synthesis scheme of differentially protected 5 -hydroxy trans-cyclooctenes M2  

and M3 .
75

 (b) Reaction scheme of the sequential ROMP of trans-cyclooctene M1  and 

functionalized trans-cyclooctenes M2/M3  applying Ru-alkylidenes G I or G I-PDI to yield 

diblock copolymers poly(M1m-b-M2/M3k) and poly(M1m-b-M2/M3k)-PDI, respectively.  
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Further reaction with lithium diphenylphosphide and following oxidation with H2O2 

yielded -hydroxy phosphine oxides M2d and M3b in good yields of ~70 % in the former 

and ~90 % in the latter case. Subsequent elimination under basic conditions yielded protected 

5-hydroxy trans-cyclooctenes M2 and M3, respectively. While benzyl-protected M2 was 

obtained in good yield of 80 %, silyl ether-protected M3 was obtained in poor yield of 22 %, 

which presumably can be attributed to the purification step via column chromatography on 

silica gel required for M3. Like the unsubstituted trans-cyclooctene M1, functionalized trans-

cyclooctenes M2 and M3 were stored at low temperatures under an inert gas atmosphere in 

order to prevent undesired spontaneous polymerization. 

As a first step toward the preparation of fluorescence chain end labeled triblock 

copolymers via G I-PDI-mediated sequential living ROMP of hydrophilic macromonomers 

M5/M6, functionalized trans-cyclooctenes M2/M3 and trans-cyclooctene M1, well-defined 

functionalized poly(cyclooctene) homo- and diblock copolymers of the general formula 

poly(M1m-b-M2/M3k) and poly(M1m-b-M2/M3k)-PDI were prepared via living sequential 

ROMP of M1 and functionalized trans-cyclooctenes M2/M3 under the identical reaction 

conditions as for homopolymerizations of M1 (cf. Chapter 5.3.2) employing G I or its labeled 

analog G I-PDI, respectively (Table 5.4). For this purpose, M1 was polymerized in the 

presence of 60 eq of PPh3 relative to initiator for ~5 min at room temperature in THF, upon 

which the desired amount of functionalized monomers M2 or M3, diluted in a minimal 

amount of THF, respectively, was quickly added (Figure 5.18b). After another ~5 min an 

excess of ethyl vinyl ether was added in order to terminate all active species. 

Initial molar ratios of monomer to initiator applied were in the range of 

[M2/init.]0 = 200 – 1000 and [M3/init.]0 = 50 – 500, with a constant ratio of 

[M1/init.]0 = 500 in the case of diblock copolymerizations. All polymers could be isolated in 

typically ≥ 95 % yield by precipitation in methanol or acetone. Narrow molecular weight 

distributions in the range of Mw/Mn = 1.15 – 1.36 as determined via GPC (in THF vs. PS 

standards) were obtained in all cases. Experimentally determined diblock copolymer 

compositions were in good agreement with theoretical values based on the initial monomer 

feed, as determined by 
1
H NMR spectroscopy on isolated bulk material via integration of the 

olefinic resonances at  = 5.44 – 5.29 ppm as well as the signal at  = 4.47 ppm corresponding 

to the benzylic protons in the case of M2 or the signal at  = 0.89 ppm corresponding to the 

tert-butyl protons of the TBDMS group in the case of M3, respectively. Comparable results 

were obtained by either employing G I or G I-PDI as an initiator. Noteworthy, all polymers 
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were stored at low temperatures under an inert gas atmosphere in order to avoid crosslinking 

and to retain their solubility. 

Table 5.4:  Sequential ROMP of  trans-cyclooctene M1  and functionalized trans-cyclooctenes 

M2/M3  applying initiators G I or G I-PDI to yield diblock copolymers poly(M1m-b-M2/M3k)  

and poly(M1m-b-M2/M3k)-PDI, respectively.
a
 

entry mon. init. [M1/init.]0
 

[mon./init.]0 
M1/mon. 

(theo)
b 

M1/mon. 

(exp)
c
 

Mn
d 

[10
3
 g 

mol
-1

] 

Mw/

Mn
d
 

1 M2 G I - 1000 - - 310 1.15 

2 M2 
G I-

PDI 
- 1000 - - 205 1.35 

3 M2 G I 500 200 2.5 3.6 172 1.36 

4 M3 G I - 500 - - 190 1.29 

5 M3 G I 500 200 2.5 2.2 134 1.33 

6 M3 G I 500 100 5 5.2 118 1.32 

7 M3 G I 500 50 10 11.3 105 1.30 

8 M3 
G I-

PDI 
500 100 2.5 2.7 132 1.32 

9 M3 
G I-

PDI 
500 50 10 10.7 112 1.35 

a
Reaction conditions: solvent THF, Polymerization temperature 25  °C; [M1]0 = 0.5 M; 

PPh3/initiator = 60; addition of the desired amount of M2  or M3  after 5 min; 

[M2/M3]0 = 0.05 –  0.2 M; quenching with excess ethyl vinyl ether. 
b
Theoretical molar ratio of 

M1 and functionalized trans-cyclooctene M2  or M3 within the resulting diblock copolymer 

based on initial monomer-to-initiator ratios. 
c
Molar ratio of M1  and functionalized trans-

cyclooctene M2  or M3 within the resulting diblock copolymer determined via 
1
H NMR 

spectroscopy. 
d
Determined by GPC in THF vs.  polystyrene standards.  

Typically, benzyl ether protecting groups can be readily cleaved via reduction with H2 in 

the presence of Pd/C to release the corresponding alcohol.
276

 Thus, deprotection experiments 

employing either homopolymer poly(M21000) (Table 5.4, entry 1) or diblock copolymer 

poly(M1500-b-M2200) (Table 5.4, entry 3) were performed, applying various conditions 

concerning H2 pressure (1 – 30 bar), temperature (20 – 50 °C), solvent (neat THF, 

THF/MeOH = 5), reaction time (1 – 4 days), and the amount of Pd/C (ranging from traces to 

equivalent amounts w/w with respect to polymer). However, all attempts to cleave the benzyl 

ether and to release the unprotected hydroxyl functionality failed. Noteworthy, while no 

reaction was observed at moderate conditions, under harsher conditions (30 bar, 50 °C, 41 h) 

partial hydrogenation of the unsaturated polymer backbone rather than deprotection of the 

hydroxyl group occurred as confirmed by 
1
H NMR spectroscopy on isolated material due to 
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the decrease of the olefinic signals resonating at  = 5.44 – 5.29 ppm and the simultaneous 

increase of the resonance signal of the aliphatic methylene protons along the polymer 

backbone at  = 1.65 – 1.23 ppm relative to the signal corresponding to the benzylic protons 

at  = 4.47 ppm. Based on these findings, the application of M2 as a building unit to enable an 

attachment of functional moieties to the polymer scaffold was not pursued further. 

Deprotection of silyl ethers commonly is achieved by conversion with fluoride sources, 

such as tetrabutylammonium fluoride (TBAF).
276

 This reaction essentially is driven by the 

strength of the Si-F bond formed, which is the strongest  bond known. Thus, diblock 

copolymers poly(M1m-b-M3k) were readily deprotected via reaction with 10 eq of TBAF 

(relative to silyl ether groups within the polymer) for 45 h at room temperature in THF to 

afford the corresponding hydroxyl-functionalized polymers poly(M1m-b-M3-OHk) (Figure 

5.19a). 

In the case of poly(M1500-b-M3200) (Table 5.4, entry 5) the complete cleavage of silyl 

ethers and the simultaneous release of hydroxyl-groups under these conditions was verified by 

1
H (Figure 5.19b) and 

13
C (Figure 5.19c) NMR spectroscopy on isolated bulk material. The 

signals corresponding to the silyl protecting group resonating at  = 0.89 ppm and 

 = 0.04 ppm in 
1
H NMR as well as at  = 26.11 ppm,  = 18.29 ppm,  = -4.18 ppm and 

 = -4.23 ppm in 
13

C NMR spectroscopic measurements completely vanished. 

Simultaneously, the resonances at  = 3.65 ppm in the 
1
H NMR and at  = 71.97 ppm in the 

13
C NMR spectra associated to the silyl ether substituted methine group (>CH-OTBDMS) 

disappeared and a new set of signals for the corresponding unprotected group (>CH-OH) 

appeared at  = 3.58 ppm in 
1
H NMR and at  = 71.15 ppm in 

13
C NMR spectra, showing a 

clear cross peak in gHSQC experiments. Successful removal of the silyl protecting group and 

formation of the hydroxyl-moiety was further evident from ATR-IR spectra, since the 

absorbances at 𝜈 = 1254 cm
-1

 for the symmetric Si-CH3 deformation as well as at 

𝜈 = 834 cm
-1

 and 𝜈 = 772 cm
-1

 for Si-C stretching vibrations observed for protected 

poly(M1500-b-M3200) were completely absent in isolated material after reaction with TBAF 

(Figure 5.19d). Instead, a broad absorbance of this material centered at 𝜈 = 3340 cm
-1

 

indicated the presence of hydroxyl-groups. 

Compared to protected polymer poly(M1500-b-M3200) that quantitatively precipitated in 

methanol or acetone, deprotected poly(M1500-b-M3-OH200) did not form an isolable 

precipitate in these solvents. However, it could be isolated in typically quantitative yield by 

precipitation in water. The PDI moiety of chain end labeled polymers poly(M1m-b-M3k)-PDI 

retained its intact nature throughout this deprotection step as confirmed by an apparent 
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unaltered fluorescence of isolated material upon deprotection of poly(M1500-b-M3100)-PDI 

(Table 5.4, entry 8) with TBAF. 

 

Figure 5.19:  (a) Synthesis scheme for the post-polymerization deprotection of diblock 

copolymers poly(M1m-b-M3k) with TBAF to afford hydroxyl -functionalized poly(M1m-b-M3-

OHk) . (b) 
1
H (400 MHz, CDCl3, 25 °C) and (c) 

13
C (100 MHz, CDCl3, 25 °C) NMR spectra of 

poly(M1500-b-M3200) before (top) and after (bottom) deprotection with TBAF. (d)  ATR-IR 

spectra of poly(M1500-b-M3200) before (black) and after (red) deprotection with TBAF.  
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Due to their comparably higher reactivity and the corresponding larger potential to readily 

attach complex functionalities to the scaffold of these diblock copolymers, the hydroxyl-

functionalities were converted into carboxylic acids to afford carboxyl-functionalized diblock 

copolymers poly(M1m-b-M3-COOHk) (Figure 5.20a). For this purpose, hydroxyl-

functionalized polymers poly(M1m-b-M3-OHk) were reacted with a large excess of succinic 

anhydride (25 eq relative to hydroxyl-groups) in the presence of DMAP in CH2Cl2 for 

~3 days at room temperature. Successful and complete conversion was confirmed by 
1
H NMR 

spectroscopy on isolated material due to a characteristic shift of the resonance signal 

corresponding to the methine proton from  = 3.58 ppm (>CH-OH) to  = 4.90 ppm (>CH-

OC(=O)(CH2)2COOH) and the appearance of a new signal at  = 2.55 ppm corresponding to 

the succinylene protons (>CH-OC(=O)(CH2)2COOH) (Figure 5.20b). 

These carboxyl-functionalized diblock copolymers were isolated by precipitation in 

acetone to typically afford greyish, brittle polymers that were difficult to redisolve 

(redissolving of these polymers typically was achieved via intensive stirring in THF 

overnight). Fluorescence labeled carboxyl-functionalized diblock copolymers poly(M1m-b-

M3-COOHk)-PDI were similarly accessible via this route and were obtained as dark reddish, 

stiff material. Hydrogenation of these polymers (e.g. via the route described in Chapter 5.4.2) 

eventually would yield the corresponding PE-containing polymers. 

 

Figure 5.20:  (a) Synthesis scheme for the carboxylation of hydroxyl -functionalized diblock 

copolymers poly(M1m-b-M3-OHk) to afford carboxyl-functionalized poly(M1m-b-M3-COOHk). 

(b) 
1
H NMR spectra (400  MHz, 25 °C) of poly(M1500-b-M3-OH50) before (top; in CDCl3) and 

after (bottom; in THF-d8)  DMAP-assisted reaction with succinic anhydride.  
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With this synthetic approach at hand, triblock copolymerizations of macromonomer M5 

with functionalized trans-cyclooctene M3 and trans-cyclooctene M1 via sequential ROMP, 

following the procedure described in Chapter 5.4.1, were conducted with the aim to obtain 

triblock copolymers of the general form poly(M5m-b-M3k-b-M1l)-PDI (Figure 5.21). Upon 

post-polymerization deprotection and functionalization via the synthetic pathway developed 

above, subsequent hydrogenation and final nanoprecipitation of the resultant PE-containing 

block copolymer, these triblock copolymeric architectures were anticipated to provide access 

to fluorescence labeled, self-stabilized, (surface-)functionalized, anisotropic PE nanocrystals. 

 

Figure 5.21:  Synthesis scheme for the sequential ROMP of macromonomer M5 , functionalized 

trans-cyclooctene M3  and trans-cyclooctene M1  applying Ru-alkylidenes G I and G I-PDI to 

afford triblock copolymers poly(M5m-b-M3k-b-M1 l) and poly(M5m-b-M3k-b-M1 l)-PDI, 

respectively.  

For this purpose, PEG-substituted macromonomer M5 was subjected to living ROMP (cf. 

Chapter 5.2.2). Upon complete monomer consumption, 60 eq of PPh3 relative to initiator 

were added and the solution was thoroughly cooled to 0 °C. The desired amount of 

functionalized trans-cyclooctene M3 was rapidly added, followed by the addition of trans-

cyclooctene M1 after 5 min. Upon termination with an excess of ethyl vinyl ether after 

another 5 min, the polymer was isolated by evaporation of the solvent and repeated washing 

of the residue with methanol. 

A series of triblock copolymerizations applying G I and G I-PDI as initiator with 

different initial monomer-to-initiator ratios ([M5/init.]0 = 10 – 20, [M3/init.]0 = 200 – 300, 

[M1/init.]0 = 200 – 300) were conducted following this approach and molar ratios of M5, M3 

and M1 within resulting polymers generally were in good agreement with intended 

compositions based on the initial monomer feed as verified by 
1
H NMR spectroscopy on 

isolated material via integration of the resonance signal for the methoxy PEG end group at 



Self-Stabilized Fluorescence Labeled High Molecular Weight PE Nanocrystals 

132 

 = 3.38 ppm, the signal at  = 0.89 ppm corresponding to the tert-butyl protons of the 

TBDMS group and the resonances of the olefinic protons along the polymer backbone at 

 = 5.44 – 5.29 ppm, respectively. Complete monomer consumption in all cases was evident 

from the absence of signals in the typical range for the olefinic protons of the monomers 

applied at  = 6.15 – 5.45 ppm. GPC measurements (in THF vs. PS standards), however, 

typically revealed a bimodal molecular weight distribution with distinct peaks at 

Mn ~ 40 × 10
3
 g mol

-1
 and Mn ~ 300 × 10

3
 g mol

-1
. Such a behavior already was observed 

during the diblock copolymerization studies of M5/M6 with M1 and most likely can be 

attributed to an insufficient crossover reaction (cf. Chapter 5.4.1). However, optimizing the 

reaction conditions during this challenging triblock copolymerization, e.g., by varying the 

temperature or adjusting monomer feed ratios, is anticipated to enable the well-defined 

generation of desired narrowly dispersed triblock copolymers via sequential ROMP. This 

study reported here consequently represents a promising starting point toward the 

development of tailored PE-architectures and PE nanoparticles generated thereof. 

5.8 Conclusion 

In conclusion, a synthetic approach for the generation of self-stabilized fluorescence 

labeled PE nanocrystals has been outlined. Such particles, which retain their colloidal stability 

without the addition of surfactants, are desirable in various instances. The very few examples 

of colloidally stable aqueous surfactant-free PE nanoparticle dispersions reported so far 

typically are limited to relatively low molecular weight PE (Mn < 3,000 g mol
-1

 for block 

copolymers) which mainly can be attributed to the challenging synthesis of precisely 

functionalized PE architectures as well as the generation of well-defined nanoparticles 

thereof. 

Herein, amphiphilic fluorescence chain end labeled PE-containing diblock copolymers of 

the general form poly(M5/M6m-b-M1k)hyd-PDI were prepared via sequential ROMP of PEG-

substituted exo-norbornene macromonomers (MM) M5 and M6 with trans-cyclooctene M1 

employing fluorescence functionalized Ru alkylidene G I-PDI as an initiator and subsequent 

exhaustive hydrogenation (> 99.9 %) of the as-obtained main-chain unsaturated diblock 

copolymers. Monomodal reasonably narrow molecular weight distributions of typically 

Mw/Mn = 1.2 – 1.7 as well as an excellent agreement between theoretical and experimentally 

determined diblock copolymer compositions verified the living and well-defined character of 

this reaction under appropriate conditions, thus enabling the targeted control over the 

individual hydrophilic and hydrophobic block lengths via adjusting the monomer feed ratios. 
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Typical target molar ratios between M1 and the macromonomer within resulting diblock 

copolymers poly(M5/M6m-b-M1k)hyd-PDI were in the range of k/m = 3 – 50, corresponding to 

typical weight fractions of the hydrophilic macromonomers in the range of 10 – 65 %, with 

target PE block molecular weights of Mn,theo(PE) = 22 – 55 × 10
3
 g mol

-1
 (k = 200 – 500). 

Aqueous surfactant-free fluorescence labeled PE nanocrystal dispersions with 0.01 wt% 

polymer content were obtained via nanoprecipitation of hot solutions of these amphiphilic 

diblock copolymers in 1,4-dioxane into water. Decreasing particle sizes with an increasing 

block length ratio between the hydrophilic and hydrophobic PE block underlined the 

suitability of this approach of employing a diblock copolymeric architecture. Self-stabilized 

PE nanocrystals with PE molecular weights of up to Mn ~ 50× 10
3
 g mol

-1
 that retained there 

colloidal stability over weeks were accessible via this approach. This represents one of the 

first examples for stable surfactant-free PE nanocrystals with such an unprecedentedly high 

molecular weight. TEM on these as-obtained nanoparticles verified a uniform particle size 

and morphology and an anisotropic, oblate-like shape, indicating a single-crystalline habitus, 

with an equatorial diameter of typically ca. 35 nm and a height of ca. 8 – 11 nm. 

Their colloidal stability even in demanding biological systems as well as their ability to 

readily cross biological barriers, i.e. cell membranes, was demonstrated via incubation of 

HeLa cells. An efficient cellular uptake and a traceability in such systems via common 

fluorescence microscopic techniques was verified via confocal fluorescence microscopy on 

fixed cells. 

As a step towards even further functionalized PE nanocrystals, a route for the preparation 

of well-defined chain end labeled hydroxyl- and carboxyl-functionalized poly(cyclooctene) 

diblock copolymers via G I-PDI-initiated sequential ROMP of trans-cyclooctene M1 and 

protected 5-hydroxy trans-cyclooctene M3, subsequent post-polymerization deprotection and 

conversion of the hydroxyl-moieties into more reactive carboxyl-groups was explored. Based 

on the synthetic approach for the generation of self-stabilized, fluorescence labeled PE 

nanocrystals reported herein, this functionalization strategy is anticipated to enable the 

additional functionalization of these particles with more complex moieties, thus approaching a 

further enhanced level of PE nanocrystal designing. 
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6 Conclusive Summary 

A monitoring of the motion and position of nanoparticles is relevant with regard to open 

problems of nanoparticle interactions. This applies to their assembly in particle-based 

materials or their interactions with biological systems as two very different issues of interest 

studied in this thesis. While inorganic nanoparticles have largely dominated the scene in 

general, organic polymer nanoparticles have been less studied although they are equally 

relevant for, e.g., composite materials with directed properties or as model systems that do not 

impact biological studies of nanoparticle effects by release of ions. 

Polyethylene (PE) lends itself as a building material for such particles since, as a result of 

its semicrystalline nature, it offers the possibility to control the nanoparticle shape and as an 

organic polymer is as such amenable to a controlled architecture and functionalization, 

making use of the modern tools of polymer chemistry. More recently the generation of PE 

nanoparticles with different size and shape in particular by aqueous insertion polymerization 

has been reported, however, a broader designing of these particles, e.g., with respect to the 

covalent attachment of more complex functionalities, requires a complementary approach. 

 

Figure 6.1:  Synthesis scheme for  the preparation of fluorescene labeled anisotropic PE 

nanocrystals via ROMP of trans-cyclooctene M1 in aqueous microemulsion applying 

functionalized Ru alkylidene HG II-PDI as initiator and subsequent hydrogenation of 

unsaturated poly(cyclooctene) nanoparticles in dispersion.  

As a central concept within the framework of this thesis, fluorescent perylene diimide 

(PDI) reporter molecules, which possess exceedingly high photostabilities and fluorescence 

quantum yields, were covalently incorporated into the PE nanocrystals in order to enable their 

monitoring via state-of-the-art fluorescence microscopic methods. Based on its potential to 

afford well-defined functionalized, complex polymeric architectures, ring-opening metathesis 

polymerization (ROMP) was exploited as synthetic tool for the generation of functional PE 

nanocrystals. An approach for the synthesis of aqueous dispersions of anisotropic PE 

nanocrystals that bear multiple fluorescent dye molecules per particle via polymerization in a 
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heterophase system was developed (Chapter 3). This is based on ROMP of highly ring-

strained trans-cyclooctene M1 applying PDI-functionalized Ru alkylidene HG II-PDI as an 

initiator in aqueous microemulsion as a key step and subsequent exhaustive hydrogenation of 

the as-obtained main-chain unsaturated polymer nanoparticles in dispersion (Figure 6.1). 

PDI substituted Ru-alkylidenes G I-PDI and HG II-PDI
213

, resembling the well-known 

Grubbs 1
st
 generation and Hoveyda-Grubbs 2

nd
 generation type initiators, respectively, were 

obtained in good yield and purity via cross metathesis reactions between commercially 

available Ru alkylidenes and appropriate styrene-derivatives. Their metathesis reactivity was 

found to be essentially similar to their unsubstituted analogs via fluorescence spectroscopy 

studies, making use of the phenomenon that their fluorescence is quenched due to an energy 

transfer to the Ru center and is restored upon initiation and accompanied cleavage of the PDI 

dye from the metal. In contrast to the identical ROMP reaction conducted in homogeneous 

solution, under these microemulsion conditions complete reaction of HG II-PDI and 

consequently an efficient covalent incorporation of PDI dye molecules into the resulting 

particles was observed, pointing towards improved initiation kinetics when conducting the 

ROMP in very small compartments in a multiphase aqueous microemulsion with a high 

substrate concentration present in the droplets. 

PE nanocrystals composed of strictly linear, semicrystalline (~60 %) PE with very high 

molecular weights of up to Mn = 8 × 10
5
 g mol

-1
 and narrow molecular weight distributions of 

typically Mw/Mn = 1.4 were accessible via this route. These labeled PE nanoparticle 

dispersions were highly fluorescent, with a quantum yield that mainly was controlled by the 

amount of residual Ru originating from the hydrogenation step and which typically was in the 

range of 60 – 75 %. They exhibited a uniform particle size and morphology with a distinct 

anisotropic, oblate-like shape as determined via AFM and TEM. They consistently possessed 

a particle thickness of ca. 12 – 16 nm and a lateral extension of ca. 45 nm, indicating that they 

consist of a single crystalline lamella. 

These novel dye-labeled PE nanoparticles were found to readily cross biological barriers, 

i.e. cell membranes, as demonstrated by incubation of adherent live HeLa cells. Due to their 

bright fluorescence, an efficient cellular uptake could by verified by means of confocal 

fluorescence microscopy as a straightforward method. They retained their colloidal stability 

under typical incubation conditions for several days, making them a useful model system for 

long-term studies in biological systems. Thus, well-characterized fluorescence functionalized 

PE nanocrystals were applied as a model system for the assessment of developmental 

neurotoxicity of biopersistent nanoparticles upon chronic, long-term exposure in an 
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interdisciplinary cooperation project. This increasingly relevant question has hardly been 

addressed so far, presumably due to the methodological challenges, including the 

development of a suitable testing system as well as of well-defined nanoparticles with tailored 

characteristics as a model, arising from such a study. The labeled PE nanocrystals developed 

herein could be readily localized within the three-dimensional neurospheres via common 

fluorescence imaging techniques and were found to penetrate deep into these structures. A 

key finding of this study was that they impacted gene expression upon chronic exposure to 

non-cytotoxic concentrations. Although it remains unclear at this point, whether and to what 

extent this would impact neural development in vivo and would provoke developmental 

neurotoxicity, this finding strongly underlines the importance of gaining a deeper 

understanding of such nanoparticulate interactions. 

A novel approach toward monitoring the orientation of anisotropic nanoparticles via single 

molecule fluorescence microscopy was developed (Chapter 4). To date, only very few 

concepts have been reported which address this challenging yet relevant issue, which is 

anticipated to give deeper insights into, e.g., particle dynamics or self-assembly processes of 

such very small building blocks. Thus, based on the synthetic route for the preparation of 

multiple labeled PE nanocrystals, an approach for the incorporation of a single fluorescent 

reporter molecule was developed by applying an appropriate mixture of PDI-functionalized 

ruthenium alkylidene initiator HG II-PDI and its unlabeled equivalent HG II in the 

polymerization step (Figure 6.2). 

 

Figure 6.2:  Synthesis scheme for  the preparation of anisotropic PE nanocrystals labeled with a 

single fluorescent reporter molecule via ROMP in aqueous microemulsion applying a mixture 

of labeled Ru alkylidene HG II-PDI and the unlabeled analog HG II  as a key step. The 

covalently attached PDI reporter molecule is incorporated into the amorphous layers,  which 

cover the crystalline lamella .  The orientation of its transition dipole moment could be 

determined via defocused wide -field fluorescence microscopy.  

The suitability of this approach to control the labeling density within resulting PE 

nanocrystals was verified by means of single molecule fluorescence microscopy. The 

orientation of the incorporated single reporter molecule within the nanocrystal could be 
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shown to be fixed via defocused wide-field fluorescence microscopy (DWFM), since no 

reorientation on a time scale of several minutes was observed. Thus, the orientation of the 

incorporated PDI dye molecule apparently is permanently linked to the nanocrystal 

orientation, which potentially could enable a monitoring of both the translational and 

rotational motion of individual anisotropic nanoparticles in this challenging size regime. 

A combination of DWFM and AFM revealed the molecular axis of the incorporated 

chromophore to be predominantly oriented parallel to the polar axis of the nanocrystal. The 

current understanding for this finding is that the PDI dye molecule presumably is incorporated 

into the amorphous region surrounding the PE nanocrystal and the covalently attached 

polymer chain functions as a linker to the crystalline lamella, which is assumed to result in a 

directed orientation of the reporter molecule within the amorphous layers. Thus, this preferred 

chromophore orientation enables an estimation of absolute nanoparticle orientations. 

A synthetic approach for the preparation of self-stabilized fluorescence labeled PE 

nanocrystals that retain their colloidal stability without the addition of surfactants has been 

developed (Chapter 5). Such particles are of interest from various viewpoints since they 

overcome the typical drawbacks of surfactant-stabilized nanoparticles related to possible 

desorption of surfactant molecules from the particle surface, which often add an undesirable 

unknown parameter. More recently several examples of colloidally stable aqueous surfactant-

free PE nanoparticle dispersions have been reported, however, typically PE block molecular 

weights were in the relatively low range of Mn < 3,000 g mol
-1

. Furthermore, an additional 

functionalization of resulting particles, e.g., with fluorescent dye molecules, has not been 

demonstrated and requires a different approach. 

Here, an approach was pursued employing amphiphilic diblock copolymers consisting of a 

hydrophilic, water-miscible fragment and a hydrophobic linear PE block, which self-organize 

into core/shell-like particles in an aqueous environment. While the former polymer block 

assembles at the periphery of resulting particles and serves as a covalently bound steric 

stabilizer, the latter forms the particle core which results in a distinct nanoparticle anisotropy 

due to its semicrystalline nature. Reasonably narrowly distributed (Mw/Mn = 1.2 – 1.7) 

amphiphilic fluorescence chain end labeled PE-containing diblock copolymers of the general 

form poly(M5/M6m-b-M1k)hyd-PDI were obtained via sequential ROMP of PEG-substituted 

exo-norbornene macromonomers (MM) M5 and M6 with trans-cyclooctene M1 employing 

fluorescence functionalized Ru alkylidene G I-PDI as an initiator and subsequent exhaustive 

hydrogenation of the as-obtained main-chain unsaturated diblock copolymers (Figure 6.3). 
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The controlled character under appropriate conditions allowed for a targeted control over the 

individual hydrophilic and hydrophobic block lengths via adjusting the monomer feed ratios. 

 

Figure 6.3:  Synthesis scheme for the generation of surfactant -free fluorescence labeled PE 

nanocrystals via sequential living ROMP of hydrophilic macromonomers M5/M6 and trans-

cyclooctene M1 , subsequent hydrogenation and nanoprecipitation of resulting amphiphilic PE -

containing diblock copolymers . 

Aqueous surfactant-free fluorescence labeled PE nanocrystal dispersions with 0.01 wt% 

polymer content and PE block molecular weights of up to Mn ~ 50× 10
3
 g mol

-1
 that retained 

there colloidal stability over weeks were obtained via nanoprecipitation of these amphiphilic 

diblock copolymers. This represents one of the first examples for stable surfactant-free PE 

nanocrystals with such an unprecedentedly high molecular weight. A distinct anisotropic, 

oblate-like shape with an equatorial diameter of typically ca. 35 nm and a height of ca. 8 –

 11 nm indicated the crystalline nature of these particles and suggested the expected 

core/shell-like composition. A traceability in complex biological environments via 

fluorescence microscopy was demonstrated again by monitoring them in HeLa cells. Their 

uncompromised colloidal stability even under such demanding conditions as well as their 

ability to readily enter cells underline their suitability as model system for studies in 

biological systems. 

Based on this approach for the generation of self-stabilized fluorescence labeled PE 

nanocrystals, a route that allows for an even further functionalization of these particles via 

triblock copolymerization with an additional functionalized monomer was investigated and it 

is anticipated that this is a promising starting point toward a further level of PE nanocrystal 

functionalization. 
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7 Zusammenfassung 

Die Verfolgung der Bewegung und Position von Nanopartikeln ist zur Untersuchung 

bislang offener Fragestellungen im Hinblick auf die Wechselwirkungen von Nanopartikeln 

relevant. Dies gilt etwa für Anordnungsprozesse in partikelbasierten Materialien oder ihre 

Wechselwirkung mit biologischen Systemen als zwei sehr unterschiedliche Fragestellungen, 

die im Rahmen der vorliegenden Arbeit untersucht wurden. Während anorganische 

Nanopartikel in diesem Zusammenhang allgemein weitgehend dominiert haben, wurden 

organische Nanopartikel weniger untersucht, obwohl diese gleichermaßen relevant sind für 

beispielsweise Kompositmaterialien mit gezielten Eigenschaften oder als Modellsystem für 

biologische Studien, welches Untersuchungen bezüglich dem Einfluss nanopartikulärer 

Materialien nicht durch die Freisetzung von Ionen beeinflusst. 

Polyethylen (PE) eignet sich dabei in besonderem Maße als Grundgerüst für solche 

Partikel, da es aufgrund seiner teilkristallinen Eigenschaften die Möglichkeit bietet, die 

Partikelform zu kontrollieren und als organisches Polymer unter Verwendung moderner 

Synthesewerkzeuge der Polymerchemie per se empfänglich für eine kontrollierte Architektur 

und Funktionalisierung ist. In jüngerer Zeit wurde die Darstellung von PE Nanopartikeln, 

insbesondere durch wässrige Insertionspolmerisation, in unterschiedlicher Größe und Form 

berichtet. Ein weiteres Maßschneidern dieser Partikel, beispielsweise mittels kovalenter 

Anknüpfung komplexerer Funktionalitäten, erfordert jedoch einen komplementären 

synthetischen Ansatz. 

Als zentrales Konzept wurden in dieser Arbeit fluoreszierende Perylendiimid (PDI) 

Moleküle, welche typischerweise ausgesprochen hohe Photostabilitäten und 

Fluoreszenzquantenausbeuten aufweisen, kovalent in die PE-Nanokristalle eingebaut, um 

deren einfache Verfolgbarkeit mittels leistungsfähiger fluoreszenzmikroskopischer Methoden 

zu gewährleisten. Aufgrund ihres Potentials, Zugang zu wohldefiniert funktionalisierten, 

komplexen Polymerarchitekturen zu bieten, wurde die ringöffnende Metathese-

Polymerisation (ROMP) als synthetisches Werkzeug für die Herstellung funktioneller PE-

Nanokristalle verwendet. 

Ein Ansatz für die Synthese wässriger Dispersionen anisotroper PE-Nanokristalle, welche 

mehrere fluoreszierende Farbstoffmoleküle pro Partikel tragen, mittels Polymerisation in 

einem Heterophasensystem wurde entwickelt (Kapitel 3). Dieser basiert auf der ROMP von 

ringgespanntem trans-Cycloocten M1 in wässriger Mikroemulsion unter Verwendung des 
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PDI-funktionalisierten Ru-Alkylidens HG II-PDI als Initiator und anschließender 

vollständiger Hydrierung der erhaltenen ungesättigten Polymernanopartikel in Dispersion 

(Abbildung 7.1). 

 

Abbildung 7.1:  Syntheseschema für die Herstellung fluor eszenzmarkierter anisotroper PE-

Nanokristalle mittels ROMP von trans-Cycloocten M1  in wässriger Mikroemulsion unter 

Verwendung des funktionalisierten Ru-Alkylidens HG II-PDI  als Initiator und anschließender 

Hydrierung der ungesättigten Polycycloocten Nanopartikel in Dispersion.  

Die PDI-substituierten Ru-Alkylidene G I-PDI und HG II-PDI
213

, jeweils angelehnt an 

den bekannten Grubbs-Katalysator der ersten Generation und den Hoveyda-Grubbs-

Katalysator der zweiten Generation, wurden in guter Ausbeute und Reinheit mittels 

Kreuzmetathese zwischen kommerziell erhältlichen Ru-Alkylidenen und entsprechend 

geeignet substituierten Styrol-Derivaten erhalten. Eine nahezu unveränderte 

Metathesereaktivität, verglichen mit den entsprechenden unsubstituierten Initiatoren, wurde 

mittels fluoreszenzspektroskopischer Methoden nachgewiesen. Hierbei wurde der Umstand 

ausgenutzt, dass die Fluoreszenz der funktionalisierten Initiatoren G I-PDI und HG II-PDI 

aufgrund eines Energieübertrags auf das Ruthenium-Zentrum gelöscht und nach Initiierung 

und damit verbundener Abspaltung des PDI-Farbstoffs vom Metall wiederhergestellt wird. Im 

Gegensatz zur identischen, in homogener Lösung ausgeführten ROMP-Reaktion, wurde unter 

Mikroemulsionsbedingungen eine vollständige Reaktion vom Ru-Alkyliden HG II-PDI und 

damit ein effizienter kovalenter Einbau der PDI-Moleküle in die resultierenden Partikel 

gefunden, was auf eine verbesserte Initiierungskinetik im Falle einer in einem wässrigen 

Multiphasensystem in kleinen Kompartimenten und in Gegenwart hoher 

Substratkonzentrationen durchgeführten ROMP hindeutet. 

PE-Nanokristalle, welche aus streng linearem, teilkristallinen (~60 %) PE mit sehr hohen 

Molekulargewichten von bis zu Mn = 8 × 10
5
 g mol

-1
 und engen 

Molekulargewichtsverteilungen von typischerweise Mw/Mn = 1,4 bestehen, waren mittels 

dieses Synthesewegs zugänglich. Diese markierten PE Nanopartikeldispersionen waren stark 

fluoreszierend und wiesen eine Fluoreszenzquantenausbeute im Bereich von 60 – 75 % auf, 

welche hauptsächlich durch den aus der Hydrierung stammenden Restgehalt an Ruthenium 
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bestimmt war. AFM und TEM zeigten eine einheitliche Partikelgröße und –morphologie 

sowie eine deutlich anisotrope, plättchenartige Form dieser Partikel, mit einer Partikelhöhe 

von ca. 12 – 16 nm und einer lateralen Ausdehnung von ca. 45 nm, was darauf hindeutet, dass 

sie aus einer einzelnen Kristalllamelle bestehen. 

Durch Inkubation lebender HeLa-Zellen wurde gezeigt, dass diese neuartigen 

farbstoffmarkierten PE Nanopartikel mühelos biologische Barrieren, wie etwa 

Zellmembranen, überwinden können. Aufgrund ihrer ausgeprägten Fluoreszenz konnte eine 

effiziente Aufnahme in die Zellen mittels konfokaler Fluoreszenzmikroskopie nachgewiesen 

werden. Die Partikel behielten ihre kolloidale Stabilität auch unter den typischen 

Inkubationsbedingungen für mehrere Tage bei, was sie zu einem geeigneten Modellsystem für 

Langzeitstudien in biologischen Systemen macht. Daher wurden diese wohlcharakterisierten 

fluoreszenzmarkierten PE-Nanokristalle in einem interdisziplinären Kooperationsprojekt als 

Modellsystem eingesetzt, um die Entwicklungsneurotoxizität biopersistenter Nanopartikel 

nach chronischer Langzeitexposition zu untersuchen. Diese zunehmend wichtige 

Fragestellung wurde bislang kaum untersucht, was sich vermutlich auf die methodischen 

Herausforderungen einer solchen Studie, etwa der Entwicklung eines geeigneten Testsystems 

sowie wohldefinierter Nanopartikel mit maßgeschneiderten Eigenschaften als Modellsystem, 

zurückführen lässt. Die hierin entwickelten markierten PE-Nanokristalle ließen sich innerhalb 

der dreidimensionalen Neurosphären mittels gängiger Fluoreszenztechniken lokalisieren und 

es konnte gezeigt werden, dass sie tief in diese Strukturen vordringen. Ein Schlüsselergebnis 

dieser Studie war, dass diese Nanopartikel die Genexpression nach chronischer Exposition 

gegenüber nicht-zytotoxischen Konzentrationen beeinflussten. Obwohl an dieser Stelle unklar 

bleibt, ob und in welchem Ausmaß dies die neurale Entwicklung in vivo beeinflussen und 

Entwicklungsneurotoxizität hervorrufen würde, unterstreicht dieser Befund dennoch die 

Wichtigkeit, ein tieferes Verständnis solcher nanopartikulärer Wechselwirkungen zu erlangen. 

Ein neuartiger Ansatz zur Verfolgung der Orientierung anisotroper Nanopartikel mittels 

Einzelmolekülfluoreszenzmikroskopie wurde entwickelt (Kapitel 4). Bislang wurden nur sehr 

wenige Konzepte berichtet, die sich dieser herausfordernden, dennoch äußerst relevanten 

Fragestellung widmen, welche beispielsweise tiefere Einblicke in die Partikeldynamik oder 

Selbstorganisationsprozesse solcher extrem kleinen Bausteine geben könnte. Basierend auf 

dem Syntheseweg zur Herstellung mehrfach fluoreszenzmarkierter PE-Nanokristalle wurde 

daher eine Strategie zum Einbau eines einzelnen fluoreszierenden Reportermoleküls 

entwickelt, indem während des Polymerisationsschrittes eine geeignete Mischung des PDI-
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funktionalisierten Ru-Alkyliden Initiators HG II-PDI und seines unmarkierten Analogons 

HG II eingesetzt wurde (Abbildung 7.2). 

 

Abbildung 7.2:  Syntheseschema für die Darstellung anisotroper,  mit einem einzelnen 

fluoreszierenden Reportermolekül markierter PE-Nanokristalle mittels ROMP in wässriger 

Mikroemulsion unter Verwendung einer Mischung des markierten Ru -Alkylidens HG II-PDI  

und seines unmarkierten Analogons  HG II als Schlüsselschritt . Das kovalent angebundene 

Reportermolekül befindet sich in den amorphen Schichten, welche die kristalline Lamelle 

umgeben. Die Orientierung seines Übergangsdipolmoments konnte mittels defokussierter 

Weitfeld-Fluoreszenzmikroskopie bestimmt werden.  

Die Eignung dieses Ansatzes, um die Markierungsdichte innerhalb der PE-Nanokristalle 

zu kontrollieren, wurde durch Einzelmolekülfluoreszenzmikroskopie aufgezeigt. Mittels 

defokussierter Weitfeld-Fluoreszenzmikroskopie konnte gezeigt werden, dass die 

Orientierung der eingebauten einzelnen Reportermoleküle innerhalb der Nanokristalle fixiert 

ist, da keine Umorientierung auf einer Zeitskala von mehreren Minuten beobachtet wurde. 

Daher ist die Orientierung der eingebauten PDI-Moleküle offenbar dauerhaft mit der 

Orientierung der Nanokristalle verknüpft, was die Möglichkeit bietet, sowohl die 

Translations- als auch Rotationsbewegungen einzelner anisotroper Nanopartikel in diesem 

herausfordernden Größenbereich zu verfolgen. 

Durch eine Kombination von DWFM und AFM konnte gezeigt werden, dass die 

Molekülachse des eingebauten Chromophors vornehmlich parallel zur Polarachse des 

Nanokristalls orientiert ist. Das gegenwärtige Verständnis hierfür ist, dass das PDI-Molekül 

mutmaßlich in den amorphen Regionen eingebaut ist, welche den PE-Nanokristall umgeben, 

und die kovalent angebundene Polymerkette als Anknüpfung an die kristalline Lamelle 

fungiert. Es wird angenommen, dass dies in einer ausgerichteten Orientierung des 

Reportermoleküls innerhalb der amorphen Schicht führt. Diese bevorzugte Orientierung des 

Chromophors erlaubt daher eine Abschätzung der absoluten Nanopartikelorientierung. 

Eine Synthesestrategie zur Darstellung selbststabilisierter, fluoreszenzmarkierter PE-

Nanokristalle, welche ihre kolloidale Stabilität ohne Zusatz von Tensiden erhalten, wurde 

entwickelt (Kapitel 5). Solche Partikel sind aus vielerlei Hinsicht von Interesse, da sie nicht 

die typischen Nachteile Tensid-stabilisierter Nanopartikel aufweisen, welche sich aus der 
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möglichen Desorption von Tensidmolekülen von der Partikeloberfläche ergeben und häufig 

einen unerwünschten, kaum zu kontrollierenden Parameter darstellen. In jüngerer Zeit wurden 

einige wenige Beispiele von kolloidal stabilen, tensidfreien PE Nanopartikeldispersionen 

berichtet, wobei die typischen Molekulargewichte des PE-Blocks im vergleichsweise 

geringen Bereich von Mn < 3.000 g mol
-1

 lagen. Zudem benötigt eine zusätzliche 

Funktionalisierung der Partikel, beispielsweise mit fluoreszierenden Farbstoffmolekülen, 

einen alternativen Ansatz. 

Hier wurde eine auf der Verwendung amphiphiler Diblockcopolymere, welche aus einem 

hydrophilen, wassermischbaren Fragment und einem hydrophoben linearen PE-Block 

bestehen und sich in wässriger Umgebung in Kern/Schale-artige Partikel selbstorganisieren, 

basierende Synthesestrategie verfolgt. Während sich der hydrophile Polymerblock an der 

Peripherie der resultierenden Partikel anordnet und als kovalent angebundener sterischer 

Stabilisator fungiert, bildet der hydrophobe PE-Block den Partikelkern, was aufgrund seiner 

teilkristallinen Eigenschaften in einer anisotropen Partikelform resultiert. Eng verteilte 

(Mw/Mn = 1,2 – 1,7) amphiphile, kettenendmarkierte PE Diblockcopolymere der allgemeinen 

Form poly(M5/M6m-b-M1k)hyd-PDI wurden durch sequentielle ROMP von PEG-

substituierten exo-Norbornen-Makromonomeren (MM) M5 und M6 mit trans-Cycloocten M1 

unter Verwendung des fluoreszenzfunktionalisierten Ru-Alkylidens G I-PDI als Initiator und 

anschließende vollständige Hydrierung der erhaltenen ungesättigten Diblockcopolymere 

erhalten (Abbildung 7.3). Der unter entsprechenden Bedingungen kontrollierte Charakter 

dieser Reaktion erlaubte eine gezielte Kontrolle der hydrophilen und hydrophoben 

Blocklängen über die jeweiligen Einsatzmengen der entsprechenden Monomere. 

 

Abbildung 7.3:  Syntheseschema der Darstellung tensidf reier, fluoreszenzmarkierter PE-

Nanokristalle mittels sequentieller ROMP der hydrophilen Makromonomere M5/M6  und trans-

Cycloocten M1 , anschließende Hydrierung und Nanopräzipitation der erhaltenen amphiphilen 

PE Diblockcopolymere.  

Wässrige tensidfreie, fluoreszenzmarkierte PE-Nanokristalldispersionen mit einem 

Polymergehalt von 0,01 gew.% und Molekulargewichten des PE-Blocks von bis zu 

Mn ~ 50× 10
3
 g mol

-1
, welche über Wochen kolloidal stabil blieben, wurden mittels 
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Nanopräzipitation dieser amphiphilen Diblockcopolymere erhalten. Dies stellt eines der ersten 

Beispiele für stabile tensidfreie PE-Nanokristalle mit solch einem hohen PE-

Molekulargewicht dar. Eine ausgeprägte anisotrope, plättchenartige Partikelform mit einem 

äquatorialen Durchmesser von typischerweise ca. 35 nm und einer Höhe von ca. 8 – 11 nm 

wies auf die kristalline Beschaffenheit dieser Partikel hin und deutete die erwartete 

Kern/Schale-artige Partikelstruktur an. Die Verfolgbarkeit dieser Partikel in komplexen 

biologischen Systemen mittels Fluoreszenzmikroskopie wurde wiederum durch Inkubation 

von HeLa-Zellen aufgezeigt. Ihre selbst unter solch anspruchsvollen Bedingungen 

unveränderte kolloidale Stabilität sowie die Fähigkeit in Zellen einzudringen, unterstreicht die 

Eignung dieser Partikel als Modellsystem für Untersuchungen in biologischen Systemen. 

Basierend auf diesem Ansatz für die Herstellung von selbststabilisierten, 

fluoreszenzmarkierten PE-Nanokristallen, wurde ein Weg zu einer weiteren 

Funktionalisierung dieser Partikel mittels Triblockcopolymerisation mit einem zusätzlichen 

funktionalisierten Monomer untersucht und es wird angenommen, dass dies einen 

vielversprechenden Ausgangspunkt für die Darstellung noch weiter funktionalisierter PE-

Nanokristalle darstellt. 
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8 Experimental Section 

8.1 Materials and General Considerations 

All manipulations of air and moisture sensitive compounds were carried out under an 

argon or nitrogen inert gas atmosphere using standard Schlenk or glovebox techniques. All 

chemicals were purchased as reagent grade from the following commercial suppliers and used 

without further purification unless noted otherwise: 2,6-diisopropylaniline, 3,4,9,10-

perylenetetracarboxylic dianhydride, 4-bromoaniline, 4-nitrophenol, benzyl bromide, butyl 

vinyl ether, chlorodiphenylphosphine, chlorosulfonic acid, cis-cyclooctene, COD, DCC, 

DMAP, ethyl vinyl ether, exo-5-norbornene-2-carboxylic acid, imidazole, isopropyl iodide, 

LiAlH4, MCPBA (77 %), NaH, NBS, NMP, pentanol, poly(ethylene glycol) monomethyl 

ether (500 and 2,000 g mol
-1

), poly(vinyl alcohol) (89,000 – 98,000 g mol
-1

, 99 % 

hydrolyzed), PPh3, propionic acid, SDS, Sn, succinic anhydride, TBAF, TBDMS chloride, 

t
BuOK, tert-octylphenol, as well as Ru alkylidene complexes (G I, G II, G III, HG II) were 

purchased from Sigma Aldrich. Tributylvinylstannane was supplied by ABCR. 

Tetrakis(triphenylphosphine)palladium was purchased from MCAT. Hydrogen 5.0 grade 

(99.999 % purity) was supplied by Air Liquide. Deuterated solvents for NMR spectroscopy 

were purchased from Euriso-Top. Solvents were dried and deoxygenated by passing through 

columns containing activated molecular sieves and a BASF R3-11 catalyst or by distillation 

under an inert gas atmosphere from appropriate drying agents, that is, CH2Cl2 from CaH2, 

THF from sodium/benzophenone and toluene as well as xylene from sodium. H2O was 

deoxygenated by distillation under nitrogen. Other compounds were deoxygenated via freeze-

pump-thaw-cycles, if necessary. All trans-cyclooctene monomers were stored under an inert 

gas atmosphere at -65 °C. trans-Cyclooctene M1 was purified by vacuum transfer before each 

use. All poly(cyclooctenes) were stored under an inert gas atmosphere in the refrigerator at 

4 °C in order to inhibit spontaneous crosslinking. For the dialysis of aqueous polymer 

nanoparticle dispersions Spectra/Por
®
 dialysis membranes (MWCO 6 – 8 kDa) supplied by 

Spectrum Laboratories were used. For this purpose, the as-obtained dispersions were 

extensively dialyzed against deionized water for several days, replacing the surfactant-

containing water phase by fresh deionized water several times per day. Macrosep
®
 Advance 

centrifugation units (MWCO 10 kDa) supplied by Pall Corporation were used to filter out the 

nanoparticles from the solvent for toxicity studies.  
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8.2 Measurement Methods and Equipment 

NMR Spectroscopy 

NMR spectra were recorded on a Varian Unity INOVA 400, Bruker AVANCE III 400 or 

a Bruker AVANCE III 600. 
1
H and 

13
C NMR chemical shifts were referenced to the residual 

proton and naturally abundant 
13

C resonances of the deuterated solvent, respectively. For 
31

P 

NMR spectra a sample of 85 % H3PO4 in CDCl3 was used as an external standard, setting the 

31
P resonance to 0 ppm. High-temperature NMR measurements of polyethylenes were 

performed in 1,1,2,2-tetrachloroethane-d2 at 130 °C. NMR spectra were analyzed and 

processed with MestReNova (v6.2.0). 

IR Spectroscopy 

IR spectra were acquired on a Perkin-Elmer Spectrum 100 instrument with an ATR unit. 

Differential Scanning Calorimetry (DSC) 

DSC was performed on a Netzsch DSC 204 F1 instrument at a heating rate of 10 K min
-1

. 

Crystallinities were determined assuming a melt enthalpy of 293 J g
-1

 for 100 % crystalline 

polyethylene.
277

 DSC data reported are from second heating cycles. 

Gel Permeation Chromatography (GPC) 

GPC of unsaturated polymers was carried out on a Polymer Laboratories PL-GPC 50 with 

two PLgel 5 µm MIXED-C columns and a RI-detector in THF at 40 °C against polystyrene 

standards. GPC of polyethylenes was carried out on a Polymer Laboratories 220 instrument 

equipped with Olexis columns with differential refractive index-, viscosity- and light 

scattering- (15° and 90°) detectors in 1,2,4-trichlorobenzene/0.0125 % BHT at 160 °C at a 

flow rate of 1 mL min
-1

. The instrument was calibrated with narrow polyethylene standards. 

Dynamic Light Scattering (DLS) 

DLS was performed on a Malvern Nano-ZS ZEN 3600 particle sizer (173° back 

scattering). The autocorrelation function was analyzed using the Malvern dispersion 

technology software 5.10 algorithm to obtain volume and number averaged particle size 

distributions. For the determination of particle sizes, typically a few drops of the latex sample 

were diluted with approximately 3 mL of water. Particle sizes of self-stabilized nanoparticles 

were determined on undiluted, as-obtained aqueous dispersions. All measurements were 

conducted in disposable polystyrene cuvettes at 25 °C. Unless otherwise noted number 

averaged particle sizes are reported in the text.  
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Laser Doppler Electrophoresis 

Zeta potential measurements were performed on a Malvern Nano-ZS ZEN 3600. For this 

purpose, the pure undiluted aqueous dispersions were used. All measurements were conducted 

in Malvern DTS1060 folded capillary cells at 25 °C. 

Tensiometry 

Surface tension measurements were performed on a Krüss Processor Tensiometer K100. 

Transmission Electron Microscopy (TEM) 

TEM was performed on a Zeiss Libra 120 with an accelerating voltage of 120 keV. The 

dispersions typically were dialyzed against water prior to TEM measurements. Samples for 

TEM were prepared by applying a drop of the dialyzed dispersion to a carbon coated grid. 

Atomic Force Microscopy (AFM) 

AFM was performed on a JPK Nano Wizard instrument in the intermittent contact mode 

using a silicon tip with a force constant of 40 N m
-1

 and a resonant frequency of about 

300 kHz. 

Fluorescence Spectroscopy 

Polymer nanoparticle fluorescence quantum yields and absorption and emission spectra 

were measured on a Hamamatsu Absolute PL Quantum Yield Measurement System 

C9920-02 CCD spectrometer. Temperature dependent fluorescence spectra for initiation 

kinetics were recorded on the same system equipped with a temperature controlled cuvette 

holder (qpod 2e, Quantum Northwest) at an excitation wavelength of 550 nm. All 

measurements were conducted under an inert gas atmosphere in quartz cuvettes closed with a 

PTFE coated silicone septum. 

Confocal Laser Scanning Microscopy 

Confocal fluorescence images were acquired on a Zeiss LSM 510 Meta equipped with a 

543 nm helium-neon laser using a 63 × 1.4 oil immersion lens. Micrographs were recorded 

either via a PMT or a spectrally resolved detector applying appropriate filters. 

Flow Cytometry 

Flow cytometry was performed on an Aria flow cytometer (BD Biosciences, Franklin 

Lakes, NJ USA) and analyzed with Diva software (BD Biosciences, Franklin Lakes, NJ 

USA).  
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Defocused Wide-Field Fluorescence Microscopy (DWFM)
248

 

DWFM measurements were performed on a custom-made total internal reflection 

fluorescence microscopy (TIRFM) setup, which was constructed according to literature.
278

 

For excitation of the dye molecules, the beam of a diode-pumped solid state laser (561 nm, 

Cobolt Jive, 100 mW) was magnified by two lenses (f1 = 40 mm and f2 = 200 mm). This 

beam was sent onto a mirror (angle 45°) and through a third lens (Köhler illumination). Lens 

and mirror where mounted on a translation stage. If the stage is moved perpendicular to the 

beam path, the beam leaves the optical axis and enters the objective (Leica 100x oil 

immersion objective, 1.25 NA) no longer in the center. If a sample with an interface (here: 

glass/polymer) is placed onto the microscope, and the incident angle of the beam at the 

interface is at or below the so-called critical angle, total internal reflection occurs. However, 

with the 1.25 NA objective used in this work only partial reflection of the laser beam could be 

achieved. This is known as ‘quasi total internal reflection mode’ (qTIRF). The fluorescence 

light was collected with the same objective, separated from the excitation light by a trichroic 

mirror (z405/561/657rpc, AHF Analysentechnik), further magnified by two photo objectives 

(Nikkor) and imaged onto the chip of a CCD-camera (Andor iXon+). To enhance the S/N-

ratio, a notch filter (E grade, 561 nm, AHF) and a bandpass filter (Brightline HC 617/73, 

AHF) were placed between the photo objectives and a clean-up filter (z561/10, AHF) was 

positioned in front of the laser. The total magnification was 300-fold, resulting in an image 

with 53 nm per pixel. All measurements were performed at 293 K. For defined defocusing a 

piezoelectric transducer (P-545.xR7, Physik Instrumente) was used. 

Autoclaves 

Hydrogenations of unsaturated polymers either in dispersion or in homogeneous solution 

were carried out in a 280 mL or a 22 mL stainless steel pressure reactor, respectively, 

equipped with a heating/cooling jacket controlled by a thermocouple. The reactor was 

evacuated and purged with nitrogen multiple times before the polymer dispersion/solution 

was transferred into the reactor against a nitrogen flow. The reactor was pressurized with 

hydrogen and heated to the reaction temperature. After the desired reaction time the reactor 

was cooled to room temperature and vented. 
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8.3 Monomer Synthesis 

8.3.1 trans-Cyclooctene Monomers 

 

cis-Cyclooctene oxide M1a.
221

 

To a solution of 77 % MCPBA (101.0 g, 585.3 mmol) in 700 mL CH2Cl2 cis-cyclooctene 

(49.6 g, 450.2 mmol) was added slowly. Upon stirring at room temperature overnight, the 

reaction mixture was dissolved in saturated sodium carbonate solution. The organic phase was 

washed with saturated sodium carbonate solution and water. Drying over MgSO4 and removal 

of the solvent yielded 52.8 g of a white solid (93 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  2.90 (m, 2H, 1-H), 2.14 (m, 2H, 2-H), 1.68 – 1.21 

(m, 10H, 2’-H, 3-H, 4-H). 

 

(trans-2-Hydroxycyclooctyl)diphenylphosphine oxide M1b.
221

 

To a mixture of lithium (19.4 g, 2.80 mol) in 2 L THF chlorodiphenylphosphine (308.9 g, 

1.40 mol) was added dropwise. The reaction mixture was stirred overnight to yield a dark red 

lithium diphenylphosphide solution. To this solution cis-cyclooctene oxide M1a (160.5 g, 

1.27 mol) dissolved in 500 mL THF was added dropwise. Upon stirring at room temperature 

overnight, acetic acid (92.7 g, 1.54 mol) and 30 % H2O2 (190.8 g, 1.68 mol) were added 

dropwise in turn at 0 °C to the pale yellow solution. The reaction mixture was stirred at room 

temperature overnight and the white suspension was dissolved by the addition of water. The 

water layer was extracted with CH2Cl2 and the combined organic phase was dried over 

MgSO4. Removal of the solvent and recrystallization from toluene afforded 325.7 g of a white 

solid (78 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  7.75 (m, 4H, 1-H), 7.56 (m, 2H, 3-H), 7.50 (m, 4H, 

2-H), 5.4 – 4.5 (br, 1H, 4-H), 4.12 (m, 1H, 6-H), 2.78 (m, 1H, 5-H), 2.0 – 1.1 (m, 12H, 7-H – 

12-H).  
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trans-Cyclooctene M1.
221

 

To a suspension of NaH (11.0 g, 457 mmol) in 1.4 L DMF (trans-2-hydroxycyclooctyl)-

diphenylphosphine oxide M1b (125.0 g, 380.6 mmol) dissolved in 1.4 L DMF was added at 

0 °C. Upon stirring at room temperature overnight, the mixture was dissolved by the addition 

of water and extracted with pentane. The organic layer was washed with a saturated NH4Cl 

solution and water and was dried over MgSO4. Removal of the solvent and vacuum transfer of 

the crude product yielded 31.0 g of a colorless liquid (74 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  5.50 (m, 2H, 1-H), 2.37 (m, 2H), 2.03 – 1.89 (m, 

4H), 1.81 (m, 2H), 1.44 (m, 2H), 0.80 (m, 2H). 

 

1,2,5,6-Diepoxycyclooctane M2a. 

To a solution of 77 % MCPBA (199.4 g, 1.16 mol) in 1.4 L of CH2Cl2 COD (50.0 g, 

462.2 mmol) was added dropwise. Upon stirring at room temperature overnight, the white 

precipitate was filtered off and the filtrate was washed with a saturated solution of Na2CO3 

and water, dried over MgSO4 and concentrated under reduced pressure. Column 

chromatography on silica gel with ethyl acetate / pentane (1:9  1:4) as eluent yielded 27.3 g 

of a white solid (42 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  2.96 (m, 4H, 1-H), 2.04 – 1.79 (m, 8H, 2-H). 

 

4,5-Epoxycyclooctanol M2b. 

To a solution of 1,2,5,6-diepoxycyclooctane M2a (27.0 g, 192.6 mmol) in 140 mL of dry 

THF under an argon atmosphere LiAlH4 (3.65 g, 96.3 mmol) suspended in 30 mL of dry THF 

was added dropwise at 0 °C. The mixture was heated to 70 °C for 18 h. Upon cooling to 0 °C, 

3.6 mL of water, 3.6 mL of a 15 % NaOH (aq) solution and 10.8 mL of water were added and 

the mixture was stirred at room temperature overnight. The white precipitate was filtered off 
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and washed with diethyl ether. The filtrate was washed with brine (3 × 100 mL), dried over 

MgSO4 and concentrated under reduced pressure. Column chromatography on silica gel with 

ethyl acetate (100 %) as eluent yielded 12.1 g of a crystalline hygroscopic solid (44 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  3.84 (m, 1H, 1-H), 2.88 (m, 2H, 4-H, 5-H), 2.21 (m, 

1H, 6-H), 2.09 (m, 1H, 3-H), 1.96 (m, 1H, 2-H), 1.81 (m, 2H, 7-H, 8-H), 1.62 – 1.45 (m, 3H, 

2’-H, 7’-H, 8’-H), 1.38 (m, 1H, 3’-H), 1.20 (m, 1H, 6’-H). 

13
C-NMR (100 MHz, CDCl3, 25 °C)  72.8 (1-C), 55.1 (4-C), 55.0 (5-C), 37.9 (8-C), 34.1 

(2-C), 28.7 (6-C), 23.6 (7-C), 22.9 (3-C). 

 

5-(Benzyloxy)-1,2-epoxycyclooctane M2c.
75

 

To a solution of 4,5-epoxycyclooctanol M2b (11.4 g, 80.2 mmol) in 170 mL of dry THF 

under an argon atmosphere 
t
BuOK (13.5 g, 120.1 mmol) was added. To the resulting yellow 

solution benzyl bromide (27.4 g, 160.4 mmol) was added dropwise via syringe. Upon stirring 

the yellow suspension at room temperature for 2 h, 30 mL of MeOH and 400 mL of H2O were 

added. The solution was extracted with ethyl acetate (4 × 250 mL) and the organic phase was 

washed with a saturated solution of NaHCO3 and brine, dried over MgSO4 and concentrated 

under reduced pressure. Column chromatography on silica gel with pentane / ethyl acetate 

(9:1  4:1) as eluent yielded 17.5 g of a colorless oil (94 %). 

1
H-NMR (400 MHz, CD2Cl2, 25 °C)  7.36 – 7.24 (m, 5H, H

Ar
), 4.54 (d, 

3
JHH = 11.7 Hz, 

1H, 4-H), 4.47 (d, 
3
JHH = 11.7 Hz, 1H, 4’-H), 3.52 (m, 1H, 3-H), 2.82 (m, 2H, 1-H, 2-H), 2.24 

– 1.81 (m, 5H), 1.68 – 1.14 (m, 5H). 

13
C-NMR (100 MHz, CD2Cl2, 25 °C)  139.8, 128.8, 128.0, 127.9, 80.3, 71.0, 55.4, 55.3, 

34.6, 31.4, 29.2, 24.4, 23.1. 

 

5-(tert-Butyldimethylsiloxy)-1,2-epoxycyclooctane M3a.
75

 

To a solution of 4,5-epoxycyclooctanol M2b (15.2 g, 106.9 mmol) in 100 mL of DMF 

under an argon atmosphere imidazole (9.5 g, 139.0 mmol) and TBDMS chloride (20.9 g, 
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139 mmol) were added. Upon stirring the solution at room temperature overnight, 100 mL 

H2O were added and the mixture was extracted with diethyl ether (3 × 150 mL). The organic 

phase was washed with H2O and brine, dried over MgSO4 and concentrated under reduced 

pressure. Column chromatography on silica gel with pentane / ethyl acetate (25:1) as eluent 

yielded 22.6 g of a colorless oil (82 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  3.90 (m, 1H, 3-H), 2.88 (m, 2H, 1-H, 2-H), 2.15 (m, 

1H), 2.03 (m, 1H), 1.84 – 1.57 (m, 5H), 1.49 – 1.23 (m, 3H), 0.87 (s, 9H, 6-H), 0.04 (s, 3H, 4-

H), 0.03 (s, 3H, 5-H). 

 

5-(Benzyloxy)-2-(diphenylphosphoryl)cyclooctanol M2d.
75

 

Synthesized according to the procedure described for M1b starting from 5-(benzyloxy)-

1,2-epoxycyclooctane M2c (17.5 g, 75.3 mmol). Recrystallization from ethyl acetate yielded 

23.4 g of a white solid (71 %, 2:1 mixture of regioisomers). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  7.79 – 7.27 (m, 15H, H

Ar
), 4.63 – 4.41 (m, 2H, 4-H, 

4’-H), 4.21 – 3.98 (m, 1H, 1-H), 3.62 – 3.45 (m, 1H, 3-H), 3.15 – 2.95 (m, 1H, 2-H), 2.17 – 

1.45 (m, 9H), 1.30 – 1.16 (m, 0.33H), 1.13 – 1.01 (m, 0.66H). 

 

5-(tert-Butyldimethylsiloxy)-2-(diphenylphosphoryl)cyclooctanol M3b.
75

 

Synthesized according to the procedure described for M1b starting from 5-(tert-

butyldimethylsiloxy)-1,2-epoxycyclooctane M3a (22.6 g, 88.1 mmol). Recrystallization from 

ethyl acetate yielded 35.2 g of a white powder (87 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  7.76 (m, 4H, 1-H), 7.57 (m, 2H, 3-H), 7.50 (m, 4H, 

2-H), 4.40 (m, 1H, 6-H), 3.83 (m, 1H, 7-H), 3.58 (br, 1H, 4-H), 3.02 (m, 1H, 5-H), 2.00 – 

1.46 (m, 9H), 1.08 (m, 1H), 0.89 (m, 9H, 10-H), 0.06 – 0.01 (m, 6H, 8-H, 9-H).  
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5-(Benzyloxy)-1,2-E-cyclooctene M2.
75

 

Synthesized according to the procedure described for M1 starting from 5-(benzyloxy)-2-

(diphenylphosphoryl)cyclooctanol M2d (23.3 g, 53.6 mmol). The product was obtained as a 

colorless oil (9.3 g, 80 %, 2:1 mixture of diastereomers). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  7.41 – 7.25 (m, 5H, H

Ar
), 5.78 – 5.33 (m, 2H, 1-H, 

2-H), 4.56 – 4.39 (m, 2H, 4-H, 4’-H), 3.71 (dd, 
3
JHH = 5.0 Hz, 

3
JHH = 10.1 Hz, 0.66H, 3-H), 

3.14 (dd, 
3
JHH = 5.0 Hz, 

3
JHH = 10.6 Hz, 0.33H, 3-H), 2.49 – 1.76 (m, 8H), 1.63 – 1.49 (m, 

1.33H), 1.22 (m, 0.66H). 

 

5-(tert-Butyldimethylsiloxy)-1,2-E-cyclooctene M3.
75

 

Synthesized according to the procedure described for M1 starting from 5-(tert-

butyldimethylsiloxy)-2-(diphenylphosphoryl)cyclooctanol M3b (35.2 g, 76.8 mmol). Column 

chromatography on silica gel with pentane / CH2Cl2 (6:1  3:1) as eluent yielded 4.0 g of a 

colorless oil (22 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  5.69 – 5.42 (m, 2H, 1-H, 2-H), 4.02 (dd, 

3
JHH = 5.5 Hz, 

3
JHH = 10.1 Hz, 1H, 3-H), 2.47 – 1.52 (m, 9H), 1.36 – 1.16 (m, 3H), 0.94 (s, 

9H, 6-H), 0.03 (s, 3H, 4-H), 0.02 (s, 3H, 5-H). 

8.3.2 Hydrophilic Macromonomers 

 

Cyclooctadiene monoepoxide M4a.
59

 

A solution of 77 % MCPBA (83.4 g, 372.3 mmol) in 900 mL CH2Cl2 was added dropwise 

to neat COD (50.0 g, 462.2 mmol) under an argon atmosphere. Upon stirring at room 

temperature overnight, the white precipitate was filtered off and the filtrate was washed with a 
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saturated solution of NaHCO3 (2 × 200 mL) and brine (2 × 200 mL), dried over MgSO4 and 

concentrated under reduced pressure. Column chromatography on silica gel with ethyl 

acetate / pentane (1:9) as eluent yielded 30.1 g of a colorless oil (65 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  5.57 (t,

 3
JHH = 3.9 Hz, 2H, 1-H), 3.03 (t, 

3
JHH = 4.3 Hz, 2H, 2-H); 2.44 (m, 2H), 2.17 – 1.98 (m, 6H). 

 

Cyclooct-4-enol M4b.
279

 

To a suspension of LiAlH4 (13.0 g, 341.8 mmol) in 500 mL of dry THF at 0 °C under an 

argon atmosphere cyclooctadiene monoepoxide M4a (28.3 g, 227.9 mmol) dissolved in 

100 mL of dry THF was added. Upon heating the mixture to 70 °C overnight, the gray 

suspension was cooled to 0 °C and 14 mL of water, 14 mL 15 % NaOH (aq) and 42 mL of 

water were added slowly. The mixture was stirred at room temperature overnight and MgSO4 

and celite were added to the white suspension. Upon stirring for 1 h, the solids were filtered 

off and the filtrate was concentrated under reduced pressure to yield 26.7 g of a colorless oil 

(93 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  5.69 (m, 1H, 1-H or 2-H), 5.59 (m, 1H, 1-H or 2-H), 

3.81 (m, 1H, 3-H), 2.28 (m, 1H), 2.18 – 2.06 (m, 3H), 1.96 – 1.81 (m, 2H), 1.74 – 1.46 (m, 

4H). 

 

Succinic acid mono-cyclooct-4-enyl ester M4c.
280

 

A solution of cyclooct-4-enol M4b (6.0 g, 47.5 mmol), succinic anhydride (4.8 g, 

47.5 mmol) and DMAP (0.1 g, 820 µmol) in 40 mL of toluene was heated to reflux for 16 h. 

Upon cooling to room temperature, the mixture was washed with 1M HCl (aq) and 

concentrated under reduced pressure. Column chromatography on silica gel with ethyl 

acetate / pentane as eluent yielded 7.3 g of a white solid (67 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  5.72 – 5.58 (m, 2H, 1-H and 2-H), 4.85 (m, 1H, 4-

H), 2.66 (m, 2H, 8-H), 2.58 (m, 2H, 7-H), 2.32 (m, 1H), 2.20 – 2.04 (m, 3H), 1.94 – 1.80 (m, 

2H), 1.74 – 1.53 (m, 4H). 



Experimental Section 

155 

13
C-NMR (100 MHz, CDCl3, 25 °C)  178.5 (9-C), 171.6 (6-C), 130.0 (1-C or 2-C), 129.7 

(1-C or 2-C), 76.4 (4-C), 33.74 (5-C), 33.6 (3-C), 29.4 (7-C), 29.2 (8-C), 25.7, 24.9, 22.4. 

 

Macromonomer M4.
280

 

To a solution of succinic acid mono-cyclooct-4-enyl ester M4c (2.0 g, 8.8 mmol), 

poly(ethylene glycol) monomethyl ether (~ 2000 g mol
-1

, 11.8 g, 5.9 mmol) and DMAP 

(108 mg, 884 µmol) in 15 mL of dry CH2Cl2 under an argon atmosphere a solution of DCC 

(2.2 g, 10.6 mmol) and dry pyridine (1.4 g, 17.7 mmol) dissolved in 15 mL of dry CH2Cl2 was 

added. Upon stirring at room temperature for 24 h, the white suspension was washed with 1M 

HCl (aq) (1 × 40 mL) and water (3 × 40 mL). The solution was concentrated under reduced 

pressure and the residue was precipitated into diethyl ether. The white precipitate was filtered 

off, redissolved in CH2Cl2 and precipitated into pentane. The product was collected and dried 

under vacuum to yield 10.3 g of a white solid (79 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  5.63 (m, 2H, 1-H and 2-H), 4.82 (m, 1H, 3-H), 4.22 

(t, 
3
JHH = 4.8 Hz, 2H, 6-H), 3.81 – 3.43 (m, ~181 H, 7-H), 3.36 (s, 3H, 8-H), 2.62 (m, 2H, 5-

H), 2.57 (m, 2H, 4-H), 2.30 (m, 1H), 2.18 – 2.03 (m, 3H), 1.91 – 1.78 (m, 2H), 1.72 – 1.51 

(m, 4H). 

 

Macromonomer M5. 

Synthesized according to the procedure described for macromonomer M4 starting from 

exo-5-norbornene-2-carboxylic acid (933.4 mg, 6.8 mmol). The product was obtained as a 

white solid (7.1 g, 74 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  6.12 (m, 1H, 1-H), 6.09 (m, 1H, 2-H), 4.23 (dd, 

3
JHH = 4.1 Hz, 

3
JHH = 5.7 Hz, 2H, 9-H), 3.81 – 3.43 (m, ~181H, 10-H), 3.36 (s, 3H, 11-H), 

3.03 (s, 1H, 3-H), 2.90 (s, 1H, 6-H), 2.25 (m, 1H, 4-H), 1.91 (m, 1H, 5-H), 1.52 (d, 

3
JHH = 8.3 Hz, 1H, 7-H), 1.35 (m, 2H, 5-H and 7’-H). 
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13
C-NMR (100 MHz, CDCl3, 25 °C)  176.3 (8-C), 138.2 (1-C or 2-C), 135.9 (1-C or 2-

C), 70.7 (10-C), 63.6 (9-C), 59.1 (11-C), 46.8 (3-C), 46.4 (7-C), 43.2 (4-C), 41.8 (6-C), 30.5 

(5-C). 

 

Macromonomer M6. 

To a solution of exo-5-norbornene-2-carboxylic acid (1.5 g, 10.9 mmol), poly(ethylene 

glycol) monomethyl ether (~ 500 g mol
-1

, 3.6 g, 7.3 mmol) and DMAP (132.6 mg, 1.1 mmol) 

in 15 mL of dry CH2Cl2 under an argon atmosphere a solution of DCC (2.7 g, 13.0 mmol) and 

dry pyridine (1.7 g, 21.7 mmol) dissolved in 15 mL of dry CH2Cl2 was added. Upon stirring 

at room temperature for 24 h, the white precipitate was filtered off and the filtrate was washed 

with 1M HCl (aq) (1 × 40 mL) and water (3 × 40 mL). The solution was dried over MgSO4 

and concentrated under reduced pressure. Column chromatography on silica gel with 

CH2Cl2 / THF (2:1) as eluent yielded 1.7 g of a yellowish oil (38 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  6.11 (m, 1H, 1-H), 6.08 (m, 1H, 2-H), 4.22 (dd,

 

3
JHH = 4.1 Hz, 

3
JHH = 5.7 Hz, 2H, 9-H), 3.81 – 3.43 (m, ~45H, 10-H), 3.35 (s, 3H, 11-H), 3.02 

(s, 1H, 3-H), 2.89 (s, 1H, 6-H), 2.24 (m, 1H, 4-H), 1.91 (m, 1H, 5-H), 1.52 (d, 
3
JHH = 8.3 Hz, 

1H, 7-H), 1.34 (m, 2H, 5-H and 7’-H). 

13
C-NMR (100 MHz, CDCl3, 25 °C)  176.2 (8-C), 138.1 (1-C or 2-C), 135.9 (1-C or 2-

C), 70.7 (10-C), 63.5 (9-C), 59.1 (11-C), 46.7 (3-C), 46.4 (7-C), 43.2 (4-C), 41.7 (6-C), 30.5 

(5-C).  
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8.4 Synthesis of Fluorescence Functionalized Ru Alkylidenes 

8.4.1 Synthesis of PDI Substituted Styrene Derivatives 

 

2-Bromo-4-nitrophenol (1).
211

 

4-Nitrophenol (10.0 g, 71.89 mmol) in 100 mL dry CH3CN was cooled to -30 °C under an 

argon atmosphere. Chlorosulfonic acid (9.2 g, 78.9 mmol) and NBS (15.3 g, 85.9 mmol) were 

added and the mixture was kept at -30 °C for another 0.5 h. Upon warming to room 

temperature, the reaction mixture was stirred for 48 h. Subsequently, 100 mL 25 % Na2SO3 

(aq) were added and the mixture was extracted with diethyl ether (2 × 150 mL). The 

combined organic phase was washed with water (3 × 100 mL) and brine (150 mL), dried over 

MgSO4 and concentrated under reduced pressure. The brownish solid was subjected to 

column chromatography on silica gel with ethyl acetate / pentane (1:4) as eluent to yield 8.6 g 

of a yellow solid (55 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  8.44 (d, 

3
JHH = 2.6 Hz, 1H, 3-H), 8.17 (dd, 

3
JHH = 9.1 Hz, 

3
JHH = 2.6 Hz, 1H, 2-H), 7.14 (d, 

3
JHH = 9.1 Hz, 1H, 1-H), 6.15 (bs, 1H, 4-H). 

 

2-Bromo-1-isopropoxy-4-nitrobenzene (2).
212

 

To a solution of 2-bromo-4-nitrophenol (1) (8.0 g, 36.7 mmol) in 120 mL of dry acetone 

under an argon atmosphere K2CO3 (10.1 g, 73.4 mmol) and isopropyl iodide (12.5 g, 

73.4 mmol) were added. The resulting mixture was stirred at reflux for 48 h. Upon cooling to 

room temperature, ethyl acetate (150 mL) and a saturated solution of sodium hydrocarbonate 

(100 mL) were added. The aqueous layer was extracted with ethyl acetate (1 × 100 mL) and 

the combined organic phase was washed with a saturated solution of sodium hydrogen 

carbonate (2 × 100 mL), brine (1 × 100 mL), dried over MgSO4 and concentrated under 

reduced pressure. The yellow oil was recrystallized from ethanol to yield 7.0 g of a pale 

yellow solid (74 %). 
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1
H-NMR (400 MHz, CDCl3, 25 °C)  8.47 (d, 

3
JHH = 2.8 Hz, 1H, 3-H), 8.18 (dd, 

3
JHH = 9.1 Hz, 

3
JHH = 2.8 Hz, 1H, 2-H), 6.94 (d, 

3
JHH = 9.1 Hz, 1H, 1-H), 4.72 (sept, 

3
JHH = 6.0 Hz, 1H, 4-H), 1.45 (d, 

3
JHH = 6.0 Hz, 6H, 5-H). 

 

3-Bromo-4-isopropoxyaniline (3).
212

 

To a solution of 2-bromo-1-isopropoxy-4-nitrobenzene (2) (6.9 g, 26.8 mmol) in 140 mL 

3M HCl (aq) tin (4.8 g, 40.1 mmol) was added at room temperature. The mixture was heated 

to reflux for 3.5 h. Upon cooling to room temperature, the solution was poured into 600 mL 

1M NaOH (aq) and the mixture was extracted with ethyl acetate (8 × 190 mL). The organic 

phase was washed with brine (1 × 400 mL), dried over MgSO4 and concentrated under 

reduced pressure to afford a brown oil. Column chromatography on silica gel with ethyl 

acetate / pentane (1:4) as eluent yielded 3.47 g of a brown oil (56 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  6.91 (d, 

3
JHH = 2.8 Hz, 1H, 4-H), 6.79 (d, 

3
JHH = 8.6, 1H, 1-H), 6.57 (dd, 

3
JHH = 8.6 Hz, 

3
JHH = 2.8 Hz, 1H, 2-H), 4.33 (sept, 

3
JHH = 6.0 Hz, 1H, 5-H), 3.39 (bs, 2H, 3-H), 1.33 (d, 

3
JHH = 6.0 Hz, 6H, 6-H). 

 

4-Isopropoxy-3-vinylaniline.
212

 

To a solution of 3-bromo-4-isopropoxyaniline (0.5 g, 2.2 mmol) in 20 mL of dry toluene 

under an argon atmosphere tributylvinylstannane (1.72 g, 5.43 mmol) was added and the 

solution was degassed several times. Tetrakis(triphenylphosphine)palladium (752 mg, 

650 µmol) was added and the mixture was heated to 110 °C for 62 h. Upon cooling to r.t., the 

mixture was filtrated on a plug of Celite and washed with diethyl ether. The solvent was 

evaporated and the residue was purified by column chromatography on silica gel with ethyl 

acetate / pentane (1:4) as eluent to yield 229 mg of a brown oil (60 %). 

1
H-NMR (400 MHz, CDCl3, 25 °C)  7.01 (dd, 

3
JHH = 17.8 Hz,

 3
JHH = 11.2 Hz, 1H, 5-H), 

6.88 (d, 
3
JHH = 2.8 Hz, 1H, 4-H), 6.76 (d, 

3
JHH = 8.7 Hz, 1H, 1-H), 6.59 (dd, 

3
JHH = 8.7 Hz, 

4
JHH = 2.8 Hz 1H, 2-H), 5.68 (dd, 

3
JHH = 17.8 Hz, 

2
JHH = 1.5 Hz, 1H, 6-H), 5.22 (dd, 
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3
JHH = 11.2 Hz, 

2
JHH = 1.5 Hz, 1H, 6’-H), 4.32 (sept, 

3
JHH = 6.1 Hz, 1H, 7-H), 3.39 (bs, 2H, 3-

H), 1.30 (d, 
3
JHH = 6.1 Hz, 6H, 8-H). 

 

1,6,7,12-Tetrachloroperylene-3,4,9,10-tetracarboxylic dianhydride (4).
281

 

Perylene-3,4,9,10-tetracarboxylic dianhydride (10.0 g, 25.5 mmol) and iodine (1.72 g, 

6.8 mmol) were stirred in 60 mL chlorosulfonic acid for 21 h at 70 °C. Upon cooling to room 

temperature, the reaction mixture was poured very slowly in 700 mL of a stirred ice/water 

mixture. The red precipitate was filtered off with a glass frit and washed with water. Drying at 

50 °C in vacuo yielded 16.1 g of an orange powder. The product was used without further 

purification. 

1
H-NMR (400 MHz, CDCl3, 25 °C)  8.75 (s, 4H, 1-H). 

 

N,N’-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetrachloroperylene-3,4,9,10-tetracarboxylic 

diimide (5).
213

 

1,6,7,12-Tetrachloroperylene-3,4,9,10-tetracarboxylic dianhydride (4) (4.0 g, 7.5 mmol) 

and 2,6-diisopropylaniline (5.3 g, 30.0 mmol) were refluxed in 240 mL of propionic acid 

under an argon atmosphere for 17 h at 150 °C. Upon cooling to room temperature, the 

reaction mixture was poured into 1.3 L of water. The red precipitate was filtered off and 
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washed with water. Column chromatography on silica gel with CH2Cl2 as eluent yielded 5.1 g 

(6.0 mmol) of a red-orange solid (80 % yield). 

1
H-NMR (400 MHz, CD2Cl2, 25 °C)  8.77 (s, 4H, 1-H), 7.55 (t, 

3
JHH = 7.8 Hz, 2H, 5-H), 

7.39 (d, 
3
JHH = 7.8 Hz, 4H, 4-H), 2.75 (sept, 

3
JHH = 6.8 Hz, 4H, 2-H), 1.16 (t, 

3
JHH = 6.8 Hz, 

24H, 3-H). 

 

N,N’-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetrymethylbutyl)phenoxy]-

perylene-3,4,9,10-tetracarboxylic diimide (6).
213

 

N,N’-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetrachloroperylene-3,4,9,10-tetracarboxylic 

diimide (5) (3.0 g, 3.5 mmol), tert-octylphenol (3.6 g, 17.5 mmol) and K2CO3 (1.2 g, 

8.75 mmol) were stirred in 60 mL NMP for 60 h at 140 °C under an argon atmosphere. Upon 

cooling to room temperature, the reaction mixture was poured into a mixture of 100 mL 10 % 

HCl and 150 mL MeOH. The purple precipitate was filtered off, washed with 200 mL of 

H2O/MeOH (2:3) and dried at 50 °C under vacuum. Column chromatography on silica gel 

with CH2Cl2 / petroleum ether (1:2) as eluent yielded 3.3 g of a red solid (62 % yield). 

1
H-NMR (400 MHz, CD2Cl2, 25 °C)  8.12 (s, 4H, 1-H), 7.45 (t, 

3
JHH = 7.9 Hz, 2H, 10-

H), 7.36 (d, 
3
JHH = 8.8 Hz, 8H, 3-H), 7.30 (d, 

3
JHH = 7.9 Hz, 4H, 9-H), 6.95 (d, 

3
JHH = 8.8 Hz, 

8H, 2-H), 2.69 (sept, 
3
JHH = 6.9 Hz, 4H, 7-H), 1.74 (s, 8H, 5-H), 1.37 (s, 24H, 4-H), 1.09 (d, 

3
JHH = 6.9 Hz, 24H, 8-H), 0.76 (s, 36H, 6-H).  
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N-(2,6-Diisopropylphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethylbutyl)phenoxy]-

perylenetetracarboxylic-3,4-anhydride-9,10-imide (7).
213

 

N,N’-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethylbutyl)phenoxy]-

perylene-3,4,9,10-tetracarboxylic diimide (6) (1.2 g, 0.79 mmol) in 19 mL 2-methyl-2-butanol 

was heated to 60 °C under an argon atmosphere. After 0.5 h KOH (1.32 g, 23.6 mmol) and 

KF (1.37 g, 23.6 mmol) were added and the mixture was stirred at 80 °C for 72 h. The 

reaction mixture was cooled to 50 °C and 24 mL 50 % AcOH (aq) were added. Upon stirring 

for another 2 h at 80 °C, the mixture was cooled to room temperature and poured into 400 mL 

of water. The red precipitate was filtered off, washed with 500 mL hot water and dried at 

50 °C under vacuum. Column chromatography on silica gel with CH2Cl2 / pentane (1:1) as 

eluent yielded 418 mg of a dark red solid (39 %). 

1
H-NMR (400 MHz, CD2Cl2, 25 °C)  8.11 (s, 2H, 1-H), 8.10 (s, 2H, 1’-H), 7.45 (t, 

3
JHH = 7.8 Hz, 1H, 7-H), 7.37 (d, 

3
JHH = 8.7 Hz, 4H, 3-H), 7.35 (d, 

3
JHH = 8.7 Hz, 4H, 3’-H), 

7.30 (d, 
3
JHH = 7.8 Hz, 2H, 8-H), 6.94 (d, 

3
JHH = 8.7 Hz, 4H, 2-H), 6.92 (d, 

3
JHH = 8.7 Hz, 4H, 

2’-H), 2.67 (sept, 
3
JHH = 6.8 Hz, 2H, 9-H), 1.77 (s, 4H, 5-H), 1.74 (s, 4H, 5’-H), 1.39 (s, 12H, 

4-H), 1.36 (s, 12H, 4’-H), 1.09 (d, 
3
JHH = 6.8 Hz, 12H, 10-H), 0.79 (s, 18H, 6-H), 0.75 (s, 

18H, 6’-H).  
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N-(2,6-Diisopropylphenyl)-N’-(3-bromo-4-isopropoxyphenyl)-1,6,7,12-tetra[4-(1,1,3,3-

tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (8).
213

 

N-(2,6-Diisopropylphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethylbutyl)phenoxy]-

perylenetetracarboxylic-3,4-anhydride-9,10-imide (7) (195 mg, 143 µmol) and 3-Bromo-4-

isopropoxyaniline (328 mg, 1.43 mmol) in 14 mL propionic acid were heated to 140 °C for 

2 h under an argon atmosphere. Upon cooling to room temperature, the reaction mixture was 

poured into 100 mL of water. The red precipitate was filtered off, washed with water and 

dried at 50 °C under vacuum. Column chromatography on silica gel with CH2Cl2 / hexane 

(1:1) as eluent yielded 190 mg of a dark red solid (84 %). 

1
H-NMR (400 MHz, CD2Cl2, 25 °C)  8.12 (s, 2H, 1-H), 8.12 (s, 2H, 1’-H), 7.45 (t, 

3
JHH = 7.8 Hz, 1H, 7-H), 7.43 (d, 

4
JHH = 2.6 Hz, 1H, 11-H), 7.34 (d, 

3
JHH = 8.8 Hz, 4H, 3-H), 

7.34 (d, 
3
JHH = 8.8 Hz, 4H, 3’-H), 7.30 (d, 

3
JHH = 7.8 Hz, 2H, 8-H), 7.16 (dd, 

3
JHH = 8.8 Hz, 

4
JHH = 2.6 Hz, 1H, 13-H), 7.04 (d, 

3
JHH = 8.8 Hz, 1H, 12-H), 6.93 (d, 

3
JHH = 8.8 Hz, 4H, 2-H), 

6.93 (d, 
3
JHH = 8.8 Hz, 4H, 2’-H), 4.63 (sept, 

3
JHH = 6.0 Hz, 1H, 14-H), 2.69 (sept, 

3
JHH = 6.8 Hz, 2H, 9-H), 1.75 (s, 4H, 5-H), 1.73 (s, 4H, 5’-H), 1.42 (d, 

3
JHH = 6.0 Hz, 6H, 15-

H), 1.36 (s, 24H, 4-H, 4’-H), 1.09 (d, 
3
JHH = 6.8 Hz, 12H, 10-H), 0.77 (s, 18H, 6-H), 0.75 (s, 

18H, 6’-H).  
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N-(2,6-Diisopropylphenyl)-N’-(4-bromophenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethyl-

butyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (9). 

Synthesized according to the procedure described for compound 8 starting from 7 

(160.0 mg, 117 µmol) and using 4-bromoaniline (201.0 mg, 1.2 mmol). Column 

chromatography on silica gel with CH2Cl2 / pentane (1:1) as eluent yielded 162 mg of a dark 

red solid (91 %). 

1
H-NMR (400 MHz, CD2Cl2, 25 °C)  8.11 (s, 4H, 1-H and 1’-H), 7.66 (d, 

3
JHH = 8.6 Hz, 

2H, 11-H or 12-H), 7.46 (t, 
3
JHH = 7.8 Hz, 1H, 7-H), 7.34 (d, 

3
JHH = 8.6 Hz, 8H, 3-H and 3’-

H), 7.30 (d, 
3
JHH = 7.8 Hz, 2H, 8-H), 7.16 (d, 

3
JHH = 8.6 Hz, 2H, 11-H or 12-H), 6.93 (d, 

3
JHH = 8.6 Hz, 8H, 2-H and 2’-H), 2.68 (sept, 

3
JHH = 6.7 Hz, 2H, 9-H), 1.74 (s, 4H, 5-H), 1.73 

(s, 4H, 5’-H), 1.35 (s, 24H, 4-H and 4’-H), 1.09 (d, 
3
JHH = 6.8 Hz, 12H, 10-H), 0.75 (s, 18H, 

6-H), 0.74 (s, 18H, 6’-H).  
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N-(2,6-Diisopropylphenyl)-N’-(3-vinyl-4-isopropoxyphenyl)-1,6,7,12-tetra[4-(1,1,3,3-

tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (10).
213

 

N-(2,6-Diisopropylphenyl)-N’-(3-bromo-4-isopropoxyphenyl)-1,6,7,12-tetra[4-(1,1,3,3-

tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (8) (180 mg, 114 µmol) 

and tributylvinylstannane (180 mg, 568 µmol) were dissolved in 9 mL of dry toluene and the 

solution was degassed several times. Tetrakis(triphenylphosphine)palladium (67.5 mg, 

58 µmol) was added and the mixture was heated to 110 °C for 18 h. Upon cooling to room 

temperature, the solvent was evaporated and the crude product was purified by column 

chromatography on silica gel with CH2Cl2 / hexane (1:1) as eluent to yield 137 mg of a dark 

red solid (79 %). 

1
H-NMR (400 MHz, CD2Cl2, 25 °C)  8.13 (s, 2H, 1-H), 8.12 (s, 2H, 1’-H), 7.45 (t, 

3
JHH = 7.8 Hz, 1H, 7-H), 7.34 (d, 

3
JHH = 8.8 Hz, 4H, 3-H), 7.34 (d, 

3
JHH = 8.8 Hz, 4H, 3’-H), 

7.30 (d, 
3
JHH = 7.8 Hz, 2H, 8-H), 7.10 – 6.98 (m, 4H, 11-H, 12-H, 13-H, 16-H), 6.94 (d, 

3
JHH = 8.8 Hz, 4H, 2-H), 6.93 (d, 

3
JHH = 8.8 Hz, 4H, 2’-H), 5.70 (dd, 

3
JHH = 17.7 Hz, 

2
JHH = 1.3 Hz, 1H, 17-H), 5.26 (dd, 

3
JHH = 11.2 Hz, 

2
JHH = 1.3 Hz, 1H, 17’-H), 4.62 (sept, 

3
JHH = 6.2 Hz, 1H, 14-H), 2.69 (sept, 

3
JHH = 6.8 Hz, 2H, 9-H), 1.74 (s, 4H, 5-H), 1.73 (s, 4H, 

5’-H), 1.40 (d, 
3
JHH = 6.2 Hz, 6H, 15-H), 1.36 (s, 24H, 4-H, 4’-H), 1.09 (d, 

3
JHH = 6.8 Hz, 

12H, 10-H), 0.76 (s, 18H, 6-H), 0.74 (s, 18H, 6’-H).  
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N-(2,6-Diisopropylphenyl)-N’-(4-vinylphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethyl-

butyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (11). 

Synthesized according to the procedure described for compound 10 starting from 9 

(162.0 mg, 106 µmol). Upon column chromatography on silica gel with CH2Cl2 / pentane 

(1:2) as eluent and subsequent extensive washing of the resulting dark red solid with MeOH 

yielded 82.6 mg of desired product 11 (53 %). 

1
H-NMR (400 MHz, CD2Cl2, 25 °C)  8.13 (s, 2H, 1-H), 8.12 (s, 2H, 1’-H), 7.57 (d, 

3
JHH = 8.4 Hz, 2H, 11-H or 12-H), 7.46 (t, 

3
JHH = 7.9 Hz, 1H, 7-H), 7.34 (d, 

3
JHH = 8.8 Hz, 

8H, 3-H, 3’-H), 7.31 (d, 
3
JHH = 7.9 Hz, 2H, 8-H), 7.22 (d, 

3
JHH = 8.4 Hz, 2H, 11-H or 12-H), 

6.94 (d, 
3
JHH = 8.8 Hz, 8H, 2-H, 2’-H), 6.81 (dd, 

3
JHH = 17.7 Hz, 

3
JHH = 11.0 Hz, 1H, 13-H), 

5.85 (d, 
3
JHH = 17.7 Hz, 1H, 14-H), 5.35 (d, 

3
JHH = 11.0 Hz, 1H, 14’-H), 2.69 (sept, 

3
JHH = 6.8 Hz, 2H, 9-H), 1.74 (d, 

3
JHH = 3.5 Hz, 8H, 5-H and 5’-H), 1.36 (s, 24H, 4-H, 4’-H), 

1.10 (d, 
3
JHH = 6.8 Hz, 12H, 10-H), 0.76 (s, 18H, 6-H), 0.75 (s, 18H, 6’-H).  
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8.4.2 Initiator Synthesis 

 

Fluorescence Functionalized Initiator HG II-PDI.
213

 

N-(2,6-Diisopropylphenyl)-N’-(3-vinyl-4-isopropoxyphenyl)-1,6,7,12-tetra[4-(1,1,3,3-

tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (10) (137 mg, 90 µmol), 

CuCl (9 mg, 91 µmol) and Grubbs 2
nd

 generation Ru alkylidene G II (76 mg, 90 µmol) were 

dissolved in 6 mL of dry CH2Cl2 under an argon atmosphere and the mixture was stirred for 

1 h at 40 °C. From this point forth, all manipulations were carried out in air with reagent-

grade solvents. The reaction mixture was filtered through a syringe filter and purified by 

column chromatography on silica gel with CH2Cl2 as eluent to yield 102 mg of initiator 

HG II-PDI (57 %). 

1
H-NMR (400 MHz, CD2Cl2, 25 °C)  16.59 (s, 1H, 16-H), 8.12 (s, 4H, 1-H, 1’-H), 7.43 

(m, 2H, 7-H, 11-H or 12-H or 13-H), 7.35 (d, 
3
JHH = 8.8 Hz, 4H, 3-H), 7.35 (d, 

3
JHH = 8.8 Hz, 

4H, 3’-H), 7.30 (d, 
3
JHH = 7.8 Hz, 2H, 8-H), 7.03 (s, 4H, 17-H), 6.93 (m, 9H, 2-H, 2’-H, 11-H 

or 12-H or 13-H), 6.83 (d, 
3
JHH = 2.2 Hz, 1H, 11-H or 12-H or 13-H), 4.92 (sept, 

3
JHH = 6.6 Hz, 1H, 14-H), 4.13 (s, 4H, 18-H), 2.69 (sept, 

3
JHH = 6.8 Hz, 2H, 9-H), 2.43 (s, 

12H, 19-H), 2.31 (s, 6H, 20-H), 1.74 (s, 8H, 5-H, 5’-H), 1.36 (s, 24H, 4-H, 4’-H), 1.28 (d, 

3
JHH = 6.6 Hz, 6H, 15-H), 1.09 (d, 

3
JHH = 6.8 Hz, 12H, 10-H), 0.76 (s, 18H, 6-H), 0.75 (s, 

18H, 6’-H).  
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Fluorescence Functionalized Initiator G I-PDI. 

N-(2,6-Diisopropylphenyl)-N’-(4-vinylphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethyl-

butyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (11) (35 mg, 24 µmol) and Grubbs 

1
st
 generation Ru alkylidene G I (17.6 mg, 21 µmol) were dissolved in 1 mL of dry xylene 

under an argon atmosphere. The solution was stirred at room temperature under vacuum. 

After complete removal of the solvent, the residue was kept under vacuum for another 30 min. 

The dark red solid was redissolved in 1 mL of dry xylene and again stirred under vacuum 

until complete removal of the solvent. This procedure was repeated two more times. The dark 

red solid was washed with pentane (1 × 7 mL) to yield 30.4 mg of initiator G I-PDI (65 %). 

1
H-NMR (400 MHz, CD2Cl2, 25 °C)  20.19 (s, 1H, 13-H), 8.61 (d, 

3
JHH = 8.3 Hz, 2H, 

12-H), 8.12 (s, 2H, 1-H), 8.12 (s, 2H, 1’-H), 7.46 (t, 
3
JHH = 7.8 Hz, 2H, 7-H), 7.34 (d, 

3
JHH = 8.6 Hz, 8H, 3-H, 3’-H), 7.30 (d, 

3
JHH = 7.8 Hz, 2H, 8-H), 7.21 (d, 

3
JHH = 8.3 Hz, 2H, 

11-H), 6.94 (d, 
3
JHH = 8.7 Hz, 8H, 2-H, 2’-H), 2.74 – 2.56 (m, 8H, 9-H, 14-H), 1.83 – 1.15 

(m, 92H, 5-H, 5’-H, 4-H, 4’-H, 15-H, 16-H, 17-H), 1.09 (d, 
3
JHH = 6.8 Hz, 12H, 10-H), 0.76 

(s, 18H, 6-H), 0.74 (s, 18H, 6’-H).  
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8.5 General Polymerization Procedures 

8.5.1 Polymerizations in Solution 

 

Homopolymerizations of trans-Cyclooctene Monomers M1 – M3.
75

 

The desired amount of trans-cyclooctene monomer M1 – M3 was diluted in the necessary 

concentration with degassed THF under an inert gas atmosphere (0.1 – 0.5 mol L
-1

). The 

desired amount of initiator G I or G I-PDI as well as PPh3 ([PPh3/initiator]0 = 60) was 

dissolved in a minimal amount of THF and this solution was quickly injected into the 

monomer solution via syringe under intense stirring. Upon stirring at room temperature for 

5 min, a large excess of ethyl vinyl ether (~0.1 mL) was added and the mixture was stirred for 

another 1 h. The resulting polymer was isolated via addition of this solution into vigorously 

stirred acetone or methanol that contained small amounts of BHT. The precipitate was filtered 

off, washed multiple times with acetone or methanol and dried in vacuo to yield a spongy 

polymer in typically quantitative yields (>95 %). 

poly(M1700)-PDI (Table 5.2, entry 6): 
1
H-NMR (400 MHz, CDCl3, 25 °C)  8.21 (s, 

perylene H of PDI end group), 8.17 (s, perylene H of PDI end group), 6.88 (m, phenyl H 

ortho to O of PDI end group), 5.40 – 5.32 (m, 2H, 1-H and 8-H), 4.97 (m, vinylic H of vinyl 

end group), 2.05 – 1.93 (m, 4H, 2-H and 7-H), 1.38 – 1.24 (m, 8H, 3-H – 6-H). 

poly(M21000) (Table 5.4, entry 1): 
1
H-NMR (400 MHz, CDCl3, 25 °C)  7.37 – 7.21 (m, 

5H, aromatic H of OBn group), 5.42 – 5.33 (m, 2H, 1-H and 8-H), 4.48 (s, 2H, 9-H), 3.44 –

 3.33 (m, 1H, 4-H), 2.17 – 1.92 (m, 4H, 2-H and 7-H), 1.68 – 1.32 (m, 6H, 3-H and 5-H – 6-

H). 

poly(M3500) (Table 5.4, entry 4): 
1
H-NMR (400 MHz, CDCl3, 25 °C)  5.45 – 5.29 (m, 

2H, 1-H and 8-H), 4.97 (m, vinylic H of vinyl end group), 3.70 – 3.59 (m, 1H, 4-H), 2.14 –
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 1.90 (m, 4H, 2-H and 7-H), 1.58 – 1.27 (m, 6H, 3-H and 5-H – 6-H), 0.89 (s, 9H, 11-H), 0.04 

(s, 6H, 10-H). 

 

Homopolymerizations of Hydrophilic Macromonomers M5 and M6. 

The desired amount of macromonomer M5 or M6 was diluted to the necessary 

concentration with degassed CH2Cl2 ([M5]0 = 0.05 M, [M6]0 = 0.2 M) under an inert gas 

atmosphere. The desired amount of initiator G I or G I-PDI as well as PPh3 

([PPh3/initiator]0 = 3 for M5 and [PPh3/initiator]0 = 2 for M6) was dissolved in a minimal 

amount of CH2Cl2 and this solution was quickly injected into the monomer solution via 

syringe under intense stirring. Upon stirring at room temperature for 4 – 7 h, a large excess of 

ethyl vinyl ether (~0.1 mL) was added and the mixture was stirred for another 1 h. Resulting 

polymer poly(M5n) was isolated in good yields (>80 %) via precipitation in diethyl ether, 

filtration, washing with diethyl ether and drying in vacuo. Poly(M6n) was isolated in 

quantitative yields by evaporation of the solvent. 

poly(M610) (Table 5.1, entry 3): 
1
H-NMR (400 MHz, CDCl3, 25 °C)  6.36 (m, 2H, 13-

H), 6.12 (m, 1H, 11-H), 5.76 (m, 1H, 12-H), 5.45 – 5.11 (m, 20H, 1-H and 2-H), 4.94 (m, 2H, 

9-H and 10-H), 4.27 – 4.08 (m, 20H, 6-H), 3.81 – 3.43 (m, ~450H, 7-H), 3.35 (s, 30H, 8-H), 

2.70 (m, 10H, 3-H), 2.52 (m, 20H, 5-H and 4-H), 2.09 – 1.83 (m, 20H, aliphatic H), 1.63 (m, 

10H, aliphatic H), 1.13 (m, 10H, aliphatic H).  



Experimental Section 

170 

 

Diblock Copolymerizations of Hydrophilic Macromonomers M5/M6 and trans-

Cyclooctene M1. 

The desired amount of macromonomer M5 or M6 was diluted to the necessary 

concentration with degassed CH2Cl2 ([M5]0 = 0.05 M, [M6]0 = 0.2 M) under an inert gas 

atmosphere. The desired amount of initiator G I or G I-PDI as well as PPh3 

([PPh3/initiator]0 = 3 for M5 and [PPh3/initiator]0 = 2 for M6) was dissolved in a minimal 

amount of CH2Cl2. This solution was quickly injected into the monomer solution via syringe 

under intense stirring and the mixture was stirred at room temperature for 4 – 7 h. Another 

60 eq of PPh3 relative to initiator diluted in an appropriate amount of CH2Cl2 were added and 

the solution was cooled to 0 °C in an ice bath. In a separate vial the desired amount of trans-

cyclooctene M1 was diluted with CH2Cl2 and this solution was quickly injected into the 

cooled former solution ([M1]0 = 0.25 M). Upon stirring at 0 °C for 10 min, a large excess of 

ethyl vinyl ether (~0.1 mL) was added and the mixture was stirred for another 1 h. Resulting 

amphiphilic diblock copolymers poly(M5/M6m-b-M1k) typically were isolated in good yields 

(>80 %) via evaporation of the solvent, repeated washing of the residue with methanol and 

drying in vacuo. 

poly(M670-b-M1200)-PDI (Table 5.3, entry 15): 
1
H-NMR (400 MHz, CDCl3, 25 °C)  8.21 

(s, perylene H of PDI end group), 8.17 (s, perylene H of PDI end group), 6.88 (m, phenyl H 

ortho to O of PDI end group), 5.42 – 5.11 (m, 7.7 H, 1-H and 2-H and 9-H), 4.28 – 4.12 (m, 

2H, 6-H), 3.81 – 3.47 (m, ~45H, 7-H), 3.38 (s, 3H, 8-H), 2.72 (m, 1H, 3-H), 2.54 (m, 2H, 5-H 

and 4-H), 2.12 – 1.89 (m, 13.4H, 10-H and aliphatic H), 1.70 – 1.54 (m, 1H, aliphatic H), 

1.39 – 1.22 (m, 22.9H, 11-H and 12-H), 1.09 (m, 1H, aliphatic H).  
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Diblock Copolymerizations of trans-Cyclooctene M1 and Functionalized trans-

Cyclooctenes M2/M3.
75

 

The desired amount of trans-cyclooctene M1 was diluted with degassed THF 

([M1]0 = 0.5 mol L
-1

) under an inert gas atmosphere. The desired amount of initiator G I or 

G I-PDI as well as PPh3 ([PPh3/initiator]0 = 60) was dissolved in a minimal amount of THF 

and this solution was quickly injected into the monomer solution via syringe under intense 

stirring. Upon stirring at room temperature for 5 min, the desired amount of functionalized 

trans-cyclooctene monomer M2 or M3 diluted in a minimal amount of THF was added via 

syringe ([M2/M3]0 = 0.05 – 0.2 mol L
-1

) and the solution was stirred for another 5 min. A 

large excess of ethyl vinyl ether (~0.1 mL) was added and the mixture was stirred for 1 h. The 

resulting polymer was isolated via addition of this solution into vigorously stirred acetone or 

methanol that contained small amounts of BHT. The precipitate was filtered off, washed 

multiple times with acetone or methanol and dried in vacuo to yield a spongy polymer in 

typically quantitative yields (>95 %). 

poly(M1500-b-M2200) (Table 5.4, entry 3): 
1
H-NMR (400 MHz, CDCl3, 25 °C)  7.35 –

 7.21 (m, 5H, aromatic H), 5.43 – 5.29 (m, 7H, 1-H), 4.47 (s, 2H, 5-H), 3.42 – 3.33 (m, 1H, 4-

H), 2.15 – 1.91 (m, 14H, 2-H), 1.60 – 1.24 (m, 26H, 3-H). 

poly(M1500-b-M3200) (Table 5.4, entry 5): 
1
H-NMR (400 MHz, CDCl3, 25 °C)  5.44 –

 5.28 (m, 7H, 1-H), 3.67 – 3.61 (m, 1H, 4-H), 2.06 – 1.90 (m, 14H, 2-H), 1.52 – 1.24 (m, 26H, 

3-H), 0.89 (s, 9H, 7-H), 0.04 (s, 6H, 6-H).  
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8.5.2 Polymerizations in Aqueous Microemulsion 

Poly(cyclooctene) Nanoparticles Labeled with a Single Dye Molecule. 

In a typical experiment, 750 mg SDS and 375 mg degassed pentanol were dissolved in 

6.1 mL of degassed water under an argon atmosphere in a 25 mL Schlenk flask. To this 

solution 300 mg of freshly vacuum transferred trans-cyclooctene M1 was added (≙ 4 wt% 

M1, 10 wt% SDS, 5 wt% pentanol, 81 wt% water) and the mixture was gently stirred until a 

transparent microemulsion had formed (~ 5 min). In a separate Schlenk flask 6.0 g SDS and 

3.0 g degassed pentanol were dissolved in 48.6 mL of degassed water under an argon 

atmosphere and a solution of a mixture of 0.2 mg of initiator HG II-PDI and 9.4 mg of the 

unlabeled analog Hoveyda-Grubbs 2
nd

 generation Ru alkylidene HG II 

(≙ HG II/HG II-PDI = 150) in 2.4 g degassed toluene was added (≙ 4 wt% toluene solution 

of initiators, 10 wt% SDS, 5 wt% pentanol, 81 wt% water). After stirring for ~ 10 min a clear 

microemulsion was obtained. An appropriate amount of this catalyst microemulsion 

(depending on the desired monomer/initiator ratio; e.g., 0.54 mL for a monomer/initiator ratio 

of 20,000) was injected into the monomer microemulsion via syringe and the mixture was 

stirred for 20 min upon which the ROMP reaction was terminated by addition of ethyl vinyl 

ether (~0.2 mL). Subsequently, the resulting nanoparticle dispersion was hydrogenated (cf. 

Chapter 8.8.1). For polymer analysis, an aliquot of the dispersion was precipitated in excess 

methanol, filtered, washed with methanol and dried in vacuo. 

Multiple Dye Labeled Poly(cyclooctene) Nanoparticles. 

Prepared according to the procedure described for poly(cyclooctene) nanoparticles labeled 

with a single dye molecule, applying an appropriate higher amount of neat initiator 

HG II-PDI. Unlabeled poly(cyclooctene) nanoparticle dispersions were prepared following 

the same protocol using neat initiator HG II. 

In order to confirm complete initiation of HG II-PDI under the conditions applied during 

the aqueous microemulsion polymerization process, an excess (~ 1 mL) of ethyl vinyl ether 

was added to the polymer dispersion after full monomer consumption. Upon stirring for 1 h at 

room temperature, the polymer was precipitated in 300 mL acetone, filtered off, washed with 

acetone and dried under vacuum. 50 mg of the light red polymer were dissolved in 2 mL 

CH2Cl2, precipitated in 200 mL acetone and filtered off. Neither discoloration of the polymer 

nor coloration of the filtrate was observed after repeating this procedure three times. The 
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solvent of the combined filtrate was removed under reduced pressure and no free dye was 

observed. 

As a control experiment, 50 mg of unlabeled polymer was dissolved in 2 mL CH2Cl2 and 

0.1 mg of HG II-PDI (1.8 × 10
-5

 mol L
-1

, corresponding to monomer/initiator = 10,000) 

dissolved in 0.5 mL CH2Cl2 was added to this solution. Upon stirring for 20 min, an excess 

(~ 1 mL) of ethyl vinyl ether was added and the solution was stirred for another 1 h. The 

polymer was precipitated in acetone, filtered off, redissolved in CH2Cl2 and reprecipitated in 

acetone to yield light red polymer. The combined, light red filtrate was concentrated under 

reduced pressure to yield free PDI dye. 

The polymer content of the dialyzed dispersions was determined by means of a 

gravimetric procedure by precipitation of a defined amount of dispersion in excess MeOH, 

subsequent filtration, drying and weighing of the polymer. The solids content was determined 

by complete evaporation of all volatiles of a defined amount of dispersion at 130 °C and 

subsequent weighing of the residue. The surfactant content was calculated by subtraction of 

the polymer content from the solids content. 

8.6 Post-Polymerization Conversions 

 

Standard Desilylation Procedure of Functionalized Poly(Cyclooctene) Diblock 

Copolymers. 

In a typical experiment, 500 mg of polymer were dissolved in 40 mL of dry THF under an 

inert gas atmosphere. The appropriate amount of tetrabutylammonium fluoride (TBAF) 1.0 M 

in THF was added via syringe (10 eq of TBAF relative to silyl ether groups within the 

polymer, the exact amount thus depending on the diblock copolymer composition) and the 

mixture was stirred for 45 h at room temperature. Upon addition of this mixture into 700 mL 

of vigorously stirred water, the precipitate was filtered off, washed multiple times with 

acetone and dried in vacuo to yield the corresponding unprotected polymer in typically 

quantitative yields (>95 %). 
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poly(M1500-b-M3-OH200): 
1
H-NMR (400 MHz, CDCl3, 25 °C)  5.48 – 5.28 (m, 7H, 1-

H), 3.58 (m, 1H, 4-H), 3.25 (brs, 1H, 5-H), 2.20 – 1.85 (m, 14H, 2-H), 1.55 – 1.16 (m, 26H, 

3-H). 

 

Standard Post-Polymerization Functional Group Modification (Alcohol to Acid). 

In a typical experiment, 100 mg of polymer as well as appropriate amounts of succinic 

anhydride and 4-(dimethylamino)pyridine (DMAP) were dissolved in 20 mL of dry CH2Cl2 

under an inert gas atmosphere (25 eq of succinic anhydride and DMAP relative to hydroxyl 

groups within the polymer, the exact amount thus depending on the diblock copolymer 

composition). The mixture was stirred for 64 h at room temperature, upon which it was added 

into 200 mL of vigorously stirred acetone. The precipitate was filtered off, washed multiple 

times with acetone and dried in vacuo to yield a brittle, hardly soluble polymer in good yields 

(>80 %). 

poly(M1500-b-M3-COOH50): 
1
H-NMR (400 MHz, THF-d8, 25 °C)  5.46 – 5.26 (m, 22H, 

1-H), 4.90 (m, 1H, 4-H), 2.75 – 2.33 (m, 4H, 5-H), 2.10 – 1.90 (m, 44H, 2-H), 1.42 – 1.25 (m, 

86H, 3-H).  
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8.7 Post-Polymerization Nanoparticle Formation 

Nanoprecipitation of Unsaturated Amphiphilic Diblock Copolymers poly(M5/M6m-b-

M1k). 

The diblock copolymer (3.2 mg) was dissolved in 2 mL THF to afford a 0.18 wt% 

polymer solution. 0.1 mL of this solution was quickly injected into 1.6 mL of vigorously 

stirred Milli-Q water in a 4 mL glass vial via syringe. The dispersion instantaneously became 

clear and was stirred for another 5 min to yield a 0.01 wt% nanoparticle dispersion. 

Nanoprecipitation of Amphiphilic PE-Containing Diblock Copolymers poly(M5/M6m-b-

M1k)hyd. 

The diblock copolymer (3.2 mg) was dissolved in 2 mL 1,4-dioxane at 120 °C in a closed 

8 mL glass vial to afford a 0.18 wt% polymer solution. Upon clarification, 0.1 mL of this hot 

solution was quickly injected into 1.6 mL of vigorously stirred Milli-Q water in a 4 mL glass 

vial via a glass pipette that has been intensely heated previously in order to prevent 

precipitation of the polymer within the pipette. The dispersion instantaneously became clear 

and was stirred for another 5 min to yield a 0.01 wt% nanoparticle dispersion. 

8.8 Hydrogenation Procedures 

8.8.1 Hydrogenation of Aqueous Poly(cyclooctene) Nanoparticle 

Dispersions 

 

In a typical experiment, 6.9 mg of Grubbs 2
nd

 generation Ru alkylidene G II was 

dissolved in 540 mg of degassed toluene in a 10 mL Schlenk flask and 0.1 mL ethyl vinyl 

ether was added. Upon heating the mixture to 50 °C for 30 min, the color changed from red to 

yellowish brown. This solution was added to a solution of 755 mg SDS and 316 mg degassed 

pentanol in 6.5 mL degassed water (≙ 4 wt% toluene solution of hydrogenation catalyst, 

10 wt% SDS, 5 wt% pentanol, 81 wt% water). After stirring for ~ 1 h a transparent yellow 

microemulsion was obtained. The desired amount of this microemulsion (monomer 
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unit/G II = 2,500) was added to the polymer latex and the dispersion was hydrogenated at 

50 – 100 bar H2 and 65 °C for 65 h. For polymer analysis, an aliquot of the dispersion was 

precipitated in excess methanol, filtered, washed with methanol and dried in vacuo. 

8.8.2 Hydrogenation of Unsaturated Polymers in Homogeneous Solution 

 

In a typical experiment, 9.0 mg of Grubbs 2
nd

 generation Ru alkylidene G II was 

dissolved in 1.8 mL of degassed toluene under an argon atmosphere and 0.1 mL ethyl vinyl 

ether was added. Upon heating the mixture to 50 °C for 30 min, the color changed from red to 

yellowish brown. The desired amount of this catalyst solution was added to a solution of 

150 mg polymer in 7.0 mL xylene (monomer unit/G II = 500) and this mixture was subjected 

to 30 bar H2 at 130 °C for 66 h. Upon cooling to room temperature, the solvent was 

evaporated and the residue was washed with methanol (3 × 7 mL) and dried in vacuo for 

several hours to yield corresponding saturated polymers (>80 %). Polyethylene 

homopolymers (m = 0) were isolated by directly pouring the hot xylene solution into 

methanol, filtration and drying of the precipitate in vacuo. 

8.9 General Procedures for Cell Culture Experiments 

Cell Culture Procedures. 

Cells were cultured following a standard protocol. An adherent HeLa 299 cell line was 

cultured in Dulbecco´s modified Eagle´s Medium (Gibco
®
, Invitrogen) supplemented with 

10 % fetal calf serum (FCS, Biochrom AG), 2 mM L-glutamine (Gibco
®
, Invitrogen) and 1 % 

penicillin-streptomycin (Gibco
®
, Invitrogen) at 37 °C / 5 % CO2 in a tissue-culture treated cell 

culture flask (75 cm
2
, Corning). The cells were periodically passaged at ~ 90 % confluency. 

For this purpose, the cell culture medium was removed and the cells were washed with PBS 

(1 × 10 mL). Upon addition of 1 mL of trypsin (Gibco
®
, Invitrogen), the cells were 

maintained at 37 °C / 5 % CO2 for 3 min and 10 mL of cell culture medium was added. The 
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solution was removed by centrifugation (1000 rpm, 5 min) and the cells were suspended in 

5 mL of culture medium. Afterwards, the cells were reseeded at a concentration of 

~ 2 × 10
5
 cells/mL.

Incubation with Labeled PE Nanocrystals. 

Incubation experiments with the labeled nanoparticles were performed according to a 

reported procedure.
227

 For this purpose, cells were seeded on 16 mm cover glass circles in a 

12 well tissue-culture treated cell culture plate (Costar
®
, Corning) at ~ 1.0 × 10

5
 cells/well 

(1 mL/well) and were maintained at 37 °C / 5 % CO2 for 24 h. The desired amount of PE 

nanoparticle dispersion (diluted with culture medium if necessary) was added to a cell-

containing well. Upon incubation for 24 h at 37 °C / 5 % CO2, the culture medium was 

removed and the cells were fixed by the addition of 1 mL of a 4 % PFA solution in PBS. 

After 10 min the solution was removed and the cells were washed with PBS (3 × 1 mL). 

Finally, the cell-containing cover glass circle was mounted to a microscopy slide using 

mounting medium (Aqua-Poly/Mount, Polysciences). 

Nanotoxicity Studies in a hESC-Derived Model System.
282

 

Experimental procedures and details concerning the human embryonic stem cell-derived 

model can be found elsewhere.
282

 All toxicity experiments on neurospheres started on day 

three after initiation of suspension cultures. Neurospheres were treated either for 48 h in acute 

testing or for 18 days in DNT testing. For DNT experiments, the PE nanoparticles were 

replenished with each medium change. Cell viability was assessed by standard resazurin 

reduction assay. As PE nanoparticles at high concentrations interfered with this assay, under 

these conditions cell viability was indirectly assessed by measuring intracellular ATP content 

as an alternative endpoint for cell viability. 

8.10 Defocused Wide-Field Fluorescence Microscopy 

8.10.1 Sample Preparation 

Discontinuous Monolayer of Single Labeled PE Nanocrystals. 

The extensively dialyzed nanoparticle dispersion was diluted with Milli-Q water in a 1:80 

ratio. The particles were deposited on a cleaned glass substrate by spin-coating this dispersion 

(65 s, 1500 rpm) and the sample was dried under vacuum at 50 °C for 18 h.  
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Single Labeled PE Nanocrystals Embedded in a PVA Matrix. 

Single labeled PE nanocrystals were embedded in a PVA matrix for comparative studies 

by diluting the dialyzed particle dispersion with Milli-Q water in a 1:80 ratio and addition of 

one drop of this diluted dispersion to a 2.5 wt% aqueous solution of poly(vinyl alcohol) 

(PVA). A PVA film with embedded nanocrystals was obtained by spin-coating this solution 

on a cleaned glass substrate and subsequent drying of the film at 50 °C under vacuum for 

24 h. 

8.10.2 Defocused Measurements and Analysis 

Defocused Wide-Field Measurements.
248

 

Defocused images were obtained by positioning the sample ~ 1 μm towards the 

microscope objective from the focus. Prior to data acquisition the sample was allowed to 

equilibrate for ~ 10 min in order to get defined defocused conditions. Typically, films with 

50 frames were recorded. Integration times per frame varied between 30 ms and 1 s. 

Analysis of Defocused Fluorescence Pattern. 

The defocused patterns were calculated with a MatLab routine developed by J. Enderlein 

(University of Göttingen) and written by H. Uji-I (K. U. Leuven). In order to assign the 

defocused patterns obtained to a specific orientation of the single molecules, the orientations 

of the individual molecules were determined in every single frame which subsequently were 

averaged. 

8.11 Initiation Kinetics of Labeled Ru Alkylidenes via Fluorescence 

Spectroscopy 

Fluorescence Measurements. 

Under an inert gas atmosphere, labeled initiators G I-PDI (0.79 mg, 0.36 µmol) and 

HG II-PDI (0.72 mg, 0.36 µmol) were dissolved in 20.0 mL of dry toluene, respectively, and 

2.5 mL of the respective solution was transferred into a quartz cuvette closed with a PTFE 

coated silicone septum. The cuvette was placed in the temperature controlled cuvette holder 

and was allowed to equilibrate for 10 min under stirring. In a separate Schlenk flask, n-butyl 

vinyl ether (450 mg, 4.49 mmol) was diluted with 4.5 mL of dry toluene under an inert gas 

atmosphere and 0.5 mL of this solution was quickly added to the tempered initiator solution. 

The reaction was monitored by acquiring spectra every 1 s at an excitation wavelength of 
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550 nm and the fluorescence intensity at the emission maximum ( = 619 nm) was plotted as 

a function of time. Since the toluene solutions of dye labeled alkylidene initiators G I-PDI 

and HG II-PDI exhibited a weak fluorescence, the intensity of this fluorescence signal was 

determined prior to the addition of n-butyl vinyl ether each time, and was subtracted from the 

resulting fluorescence intensities. 

Initiation of labeled Ru alkylidenes during ROMP reactions was monitored following the 

identical procedure by applying appropriate amounts of monomer and additives. Typically, at 

the end of these ROMP reactions a large excess of ethyl vinyl ether (~ 0.1 mL) was added to 

the cuvette in order to determine the fluorescence intensity corresponding to complete 

initiation. 

Determination of activation parameters. 

Initiation rate constants ki were obtained from pseudo-first-order fits of the normalized 

fluorescence intensity increases over time: 

 [𝑃𝐷𝐼]𝑡 = [𝑅𝑢 − 𝑃𝐷𝐼]0(1 − 𝑒−𝑘𝑜𝑏𝑠∙𝑡) (equation 7) 

 [𝑃𝐷𝐼]𝑡 = concentration of free dye, corresponding 

to concentration of initiated Ru-

alkylidene, at time t 

 [𝑅𝑢 − 𝑃𝐷𝐼]0 = initial concentration of Ru-alkylidene 

 𝑘𝑜𝑏𝑠 = 𝑘𝑖 ∙ [𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]0 (reasonably assuming 

that the substrate concentration remains 

constant throughout the reaction when 

applying a large excess of substrate) 

By determining ki at various temperatures in the range of 15 – 50 °C, the activation 

enthalpy H
‡
 and entropy S

‡
 of labeled Ru-alkylidenes G I-PDI and HG II-PDI were 

obtained by plotting ln(ki/T) versus 1/T, respectively, according to the Eyring equation: 

 
𝑙𝑛

𝑘𝑖

𝑇
=

−∆𝐻‡

𝑅
∙

1

𝑇
+ 𝑙𝑛

𝑘𝐵

ℎ
+

∆𝑆‡

𝑅
 (equation 8) 

 𝑘𝑖 = initiation rate constant 

 𝑇 = absolute temperature 

 ∆𝐻‡ = enthalpy of activation 

 𝑅 = gas constant 

 𝑘𝐵 = Boltzmann constant 

 ℎ = Planck’s constant 

 ∆𝑆‡ = entropy of activation 
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