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1 General Introduction 

Nowadays, polymeric materials are ubiquitous and indispensable in our daily lives. With an 

annual production exceeding 260 million tons worldwide by the year 2007 they are of great 

industrial importance.1 Polyolefins, as the most widely-used synthetic polymers, find 

applications for instance in the building sector, in coatings, as food packages or in medical 

and laboratory items. Furthermore polymers worth mentioning are polyesters and polyamides, 

which are of significant importance in the textile industry, polyvinylchloride (PVC) and 

polyurethanes (PUR) used in flooring and roofing applications, and polymethylmetacrylates 

(PMMA) as basic material for the adhesives industry. Beside these well-known structure-

providing applications, polymers adopt more and more functional tasks, for example as 

rheology modifiers, superabsorbers or as additives in washings and cosmetics, where already 

minimal amounts significantly affect the properties of the products.2  

Industrially, plastics are prepared on vast scales via various polymerization techniques as 

illustrated in Figure 1, amongst which the free-radical and the catalytic polymerization 

constitute the largest portions. These two techniques are in first approximation 

complementary to one another in terms of accessible polymer microstructures and the related 

material properties. Catalytic polymerizations are usually accomplished by early transition 

metal-based catalysts, which are highly oxophilic and require strictly anhydrous and inert 

conditions. However, such catalysts provide precise control over the resulting polymer 

microstructure and enable an intentional tuning of the material properties. In contrast, free-

radical polymerization is compatible with aqueous systems under ambient conditions, 

simplifying industrial processing and being benign in terms of environmental aspects. 

However, free-radical polymerization does not allow for any control of the polymer 

microstructure. Nevertheless, its compatibility with aqueous systems enables emulsion, 

dispersion or suspension polymerization providing access to polymer dispersions consisting 

of nano- or micron-sized colloidal particles, so-called latices. An annual production of ca. 10 

million tons of polymer latices as a product clearly demonstrates their great industrial 

importance. Aqueous polymer latices are especially appreciated due to their good film 

forming capabilities and for the ease of their processing, which can be achieved for example 

with simple printing techniques to achieve structured patterns. Further on, water as a reaction 

medium is cheap, environmentally benign, inflammable and very efficient in the removal of 

reaction heat during the polymerization process. 
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Figure 1. World production data of different plastics (Source: BASF). 

Both polymerization techniques, catalytic and free-radical polymerization, are subject of 

current industrial and academic research concerning especially the adoption of controlled 

polymerizations with aqueous systems. The latter has recently experienced significant 

advances with the development of ATRP (atom transfer radical polymerization) and RAFT 

(reversible addition fragmentation chain transfer) polymerization techniques, which enable 

radical polymerization in a near-living fashion, providing a certain control over polymer 

molecular weight distribution and permitting access to block copolymers.3-5  Advances in 

catalytic polymerization with respect to aqueous systems will be discussed in section 1.2. 

Besides the conventional polymers produced on industrial scales, current research is 

concerned with the development of speciality polymers in terms of their structures and 

properties, like for instance fully conjugated polymers, which may provide promising 

structure-related properties.  

The class of conjugated polymers attracts significant industrial attention since the initial 

discovery of their electrical conductivity.6-10 Plastics that conduct electricity are attractive 

alternative materials to their inorganic counterparts, as they are cheap, lightweight, flexible 

and thought to be easily processable from solution-based methods under moderate 

conditions.11 A further milestone increasing the attraction of conjugated polymers was the 

discovery of their electroluminescence which makes them suitable as active components in 

optoelectronic devices, again rendering conjugated polymers a promising alternative to 

inorganic materials in terms of cost-effectiveness and in terms of the development of flexible, 

large-scale displays.12 Since the inception of these concepts, conjugated polymers have 

advanced significantly towards commercial applications. One challenging issue remains their 

processing. 
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1.1 Conjugated Polymers and their Nanoparticles 

Since the initial discovery of the conductivity of conjugated polymers,6-10 this class of 

materials has received an ever increasing attention. Conjugated polymers are widely 

propagated for applications relying on their conductivity, photo- or electroluminescence12 or 

light-induced charge generation, such as displays,13-17 photovoltaics18-26 or chemical sensors27 

of variable complexity concerning their structure and function. Amongst others, such devices 

can be advantageous over inorganic materials in terms of cost and flexibility. The most 

prominent types of conductive polymers are polyaniline (1), polypyrrole (2), polyacetylene 

(3) and derivatives thereof, which have intensely been studied, primarily due to their intrinsic 

conductivity, while polythiophenes (4), polyphenylenes (5), polyfluorenes (6), polyphenylene 

vinylenes (7), polyfluorene vinylenes (8) and polyphenylene ethynylenes (9) have also been 

much studied due to their electrooptical and photoluminescencent properties (cf. Scheme 1 for 

polymer molecular structures).  

 

Scheme 1. Most prominent types of conjugated polymers. 
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The common structural feature of all conjugated polymers is a fully conjugated polymer back 

bone providing an extended delocalised π-electron system, which is the origin of their 

electrical and optical properties. Being organic semiconductors in the ground state, these 

materials can be transferred into the conductive state upon ‘doping’ with an oxidant or a 

reducing agent, as was demonstrated by Heeger et al. who increased the conductivity of 

polyacetylene by seven orders of magnitude by ‘doping’ with iodine or arsenic pentafluoride, 



General Introduction 

 4 

thereby reaching conductivities comparable to those of metals.6 Further, the extended 

conjugated π-electron system reduces the energy band gap between HOMO and LUMO to 

values corresponding to the energy of visible light, making conjugated polymers very efficient 

absorbers of visible light. Due to the rigid polymer back bone originating from its 

conjugation, the absorbed light energy is efficiently emitted as fluorescence light instead of 

being relaxed radiationless, which could be the case for more flexible structures. The HOMO 

– LUMO transition can also be induced by an electrical bias generating electroluminescence 

from conjugated polymers. In contrast to intense studies of the preparation of conjugated 

polymers and their properties in solution, in bulk or in thin-films, which have extensively 

been reviewed,8-10,14-16,20-24,27 nanoparticles of conjugated polymers have been addressed 

relatively little so far. To render the term more precisely, a particle is considered to be a 

submicron entity which represents a separate discontinuous phase, surrounded by a 

continuous free-flowing medium (usually a low-molecular-weight liquid, most often water), 

or placed on a surface. In terms of the classical systematization of colloid chemistry, this 

refers to particulate colloids and excludes true solutions of macromolecules in a low-

molecular-weight solvent. Particulate colloids most commonly consist of particles with a 

lyophobic polymer interior, but also include cross-linked microgels, and two oppositely 

charged polyelectrolytes can also form particles. The above definition of particles also 

differentiates from nanophase-separated solid bulk materials. 

Submicron polymer particles are broadly applied in the form of aqueous dispersions for the 

preparation of coatings and in paints.28-31 A key step in these applications is film formation 

upon evaporation of the dispersing medium, usually water. By comparison to solutions of 

high molecular weight polymers in organic solvents, which possess a very high viscosity even 

at low polymer concentrations, the particle dispersions retain a low viscosity also at high 

polymer solids contents. This can be beneficial for handling and processing. Particle 

dispersions are also useful for the generation of highly disperse heterophase materials.32 A 

recent example are polyacrylate films rendered resistant to soiling by silica nanoparticles, 

which are prepared from dispersions of organic polymer/inorganic composite nanoparticles.33-

35 Concerning photoluminescence as a specific property of conjugated polymers, it is notable 

that nanoparticles of inorganic semiconductors have also intensely been studied more recently 

for this reason.36-38  

First reports of colloidal dispersions of nanoparticles of conjugated polymers appeared in the 

1980s. Polyacetylene, polypyrrole and polyaniline dispersions were generated by dispersion 

or emulsion polymerization. A motivation of these studies was the desire to overcome the 
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notoriously difficult processing of conjugated polymers, most of which are insoluble unless 

substituted with appropriate side chains. Nanoparticles of the conjugated polymer poly(3,4-

ethylenedioxythiophene) (PEDOT), sterically stabilized with the polyelectrolyte polystyrene 

sulfonate, are commercially available as aqueous dispersions under the trade name Baytron P 

/ Clevios™ P. Aqueous and non-aqueous dispersions of doped polyaniline are marketed by 

Ormecon. Films prepared from such dispersions exhibit conductivities of up to > 103 S cm-1. 

Correspondingly, the dispersions are used for the preparation of hole injection layers in 

organic light emitting diodes (OLEDs) or even as replacements for the common indium 

tinoxide (ITO) electrodes. 

Nanoparticles of luminescent conjugated polymers have found attention only more recently, 

first reports essentially dating to the last decade. They have been studied e.g. in the 

preparation of nanoscale multiphase films for photovoltaics, or in biological imaging and cell 

labeling. 

1.1.1 Nanoparticle Preparation Methods 

In principal, nanoparticles of conjugated polymers are accessible either by post-

polymerization dispersion of separately prepared polymers, or directly by polymerization in 

disperse heterophase systems. Both approaches have their merits and limitations. Post-

polymerization nanoparticle generation can rely on commercially available polymers with 

given specifications, and does not require equipment and expertise in organic and polymer 

synthesis. If required, polymers can be purified extensively after polymerization. Direct 

polymerization, on the other hand, is not restricted to polymers soluble in organic solvents, 

and in principal can afford a broader scope of nanoparticles in terms of size control and 

particle structure. 

1.1.1.1 Post-Polymerization Dispersion 

Post-polymerization generation of polymer particle dispersions is also referred to as 

secondary dispersion. Note that such processes are also applied for the preparation of aqueous 

dispersions of polyurethanes on a larger scale,39 or more recently polyolefins40 by various 

techniques. Of the different techniques possible for post-polymerization dispersion, dispersion 

of conjugated polymers has employed polymer solutions in an organic solvent as a starting 

point. Particle formation most commonly occurs either by solvent removal from emulsified 

solution droplets, which requires a solvent immiscible with the continuous phase of the final 
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particle dispersion, or by precipitation of the polymer upon rapidly adding the polymer 

solution to an excess of the continuous phase, which requires a solvent miscible with the 

continuous phase. 

1.1.1.1.1 Emulsion Technique 

The preparation of nanoparticle dispersions by emulsification of a polymer solution, and 

subsequent removal of solvent from the droplets requires the initial generation of sufficiently 

small droplets, which are also colloidally stable enough over time to allow for solvent 

removal without detrimental droplet coalescence. Submicron droplets are obtained by 

applying high shear, typically by means of a sonotrode. The emulsions generated commonly 

represent miniemulsions,41-43 in which coalescence is prevented by surfactant adsorbed at the 

droplet/water interface, and, more specifically, Ostwald ripening44 by solvent diffusion 

through the aqueous phase is suppressed by a hydrophobe. The latter can be an additional 

additive, but in many cases this function is presumably fulfilled by the polymer itself. 

Subsequent evaporation of the organic solvent from the emulsion affords an aqueous 

dispersion of the conjugated polymer particles, which are stabilized towards coagulation by 

the surfactant.  

In a typical procedure,45 a mixture of a solution of the polymer in chloroform (1 - 5 wt.-% 

polymer) with a fivefold excess of an aqueous solution of sodium dodecyl sulfate (SDS) 

surfactant (0.3 – 0.5 wt.-% SDS) was ultrasonicated for several minutes. Subsequently, the 

organic solvent was removed by keeping the emulsion at elevated temperature (60 °C) for 

several  hours, to afford stable polymer particle dispersions with a polymer solids content of  

up to 9 wt.-%. Average particle sizes amounted to 75 to 250 nm, depending on the amount of 

surfactant and the polymer concentration. Landfester et al. reported the preparation of 

secondary dispersions of methyl substituted ladder-type poly(para-phenylene) 10 (Figure 2), 

of the polyfluorene derivatives 11a and 11b, of poly[methoxy-4-(2-ethylhexyloxy)-2,5-

phenylene vinylene] (MEH-PPV) (12a),46 and of the polycyclopentadithiophene 13 (cf. 

Scheme 2 for polymer molecular structures). 
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Figure 2. TEM image of nanoparticles of the poly(p-phenylene) 10 (left). Reprinted with 

permission from ref. 45. Copyright 2002 John Wiley & Sons. 3D AFM image of a monolayer 

of nanoparticles of 10 on a glass substrate (right). Reprinted with permission from ref. 47. 

Copyright 2003 John Wiley & Sons. 

This approach has also been utilized for the preparation of multiphase particles.48-50 From a 

miniemulsion containing poly(9,9-dioctylfluorene-2,7-diyl-co-benzothiadiazole) (14) and 

poly(9,9-dioctylfluorene-2,7-diyl-co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-

phenylenediamine) (15), nanoscale-phase separated particles of 40 to 150 nm size were 

prepared, the morphology of which was probed by  fluorescence microscopy on films spin-

cast from the particle dispersion.49 

Particles of only 13 nm size have been accessed by the post-polymerization emulsion 

technique using highly diluted solutions of polymer 12b in dichloromethane, in combination 

with a large excess of poly(ethylene glycol) (PEG; PEG:polymer > 102 w/w) as a non-ionic 

steric stabilizer. The resulting dispersions contain a low portion of ca. 0.002 wt.-% of the 

conjugated polymer.51 In a related fashion, nanoparticles of 12a, 12b, 16 and 14 have been 

prepared using PEGylated phospholipids as steric stabilizers, which enable a subsequent 

covalent attachment of proteins at the particle surface with regard to biofunctionalization. 

Particles of typically 100 nm average size were found.52 A study of the partioning of the  

tetradecyltrimethylammonium bromide (TTAB) cationic surfactant in the preparation of 

poly(9,9-di-n-tetradecylfluorene-co-fluorene) nanoparticles (50 nm) suggested that, due to the 

preference of this surfactant for the chloroform phase of the miniemulsion, a significant 

portion of TTAB segregated into the final polymer particle.53 Not an emulsion technique, but 

notable in this context, is the preparation of suspensions of poly(3,3’’’-

didodecylquarterthiophene) (17) nanoparticles in an organic solvent reported by Ong et al. 

Sonication of a relatively concentrated (0.3 wt.-%), hot solution of 17 in dichlorobenzene 
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afforded, after cooling, a suspension of nanoparticles with a size range of about 6 nm to 40 

nm. This was attributed to a breaking of larger lamellar stacked networks by the 

ultrasonication.54 

 

Scheme 2. Conjugated polymers prepared as nanoparticles by the emulsion technique. 

 

 

 

1.1.1.1.2 Precipitation Technique 

The generation of nanoparticles by precipitation, also termed reprecipitation or 

nanoprecipitation, involves the rapid addition of a very dilute (e.g. several 10 ppm) polymer 

solution to an excess volume of non-solvent, usually water. Mixing of the solvent with the 

non-solvent results in a sudden decrease of solvent quality, which induces precipitation of the 

polymer. Under appropriate conditions, polymer nanoparticles result. Rapid mixing has been 

thought to be aided by ultrasonication, which may also otherwise impact the particle 

formation processes. In the preparation of poly(arylene vinylene) and polyfluorene 

nanoparticles, subsequent stirring at elevated temperatures evaporated the THF solvent, and 

resulted in a surfactant-free dispersion of conjugated polymer nanoparticles in water with an 
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average size in the range of 5 to 50 nm (Figure 3).55-56 The nanoparticle size is adjustable 

primarily via the concentration of the organic polymer solution. The mechanism of colloidal 

stabilization of the nanoparticles remains unclear in this particular case; by contrast to the 

aforementioned emulsion techniques no surfactant was added and also the polymer contains 

no significantly hydrophilic moieties. While charge accumulated at the particle-dispersing 

medium interface may contribute to stabilization towards particle aggregation and 

coalescence, it must also be considered that impurities, present at low levels but sufficient 

with respect to the low concentrated polymer nanoparticles, can adsorbe to their surface to 

provide steric or electrostatic stabilization. 

 

Figure 3. AFM image of MEH-PPV (12a) nanoparticles on a silicon substrate (left) and 

corresponding nanoparticle height histogram (right). Reprinted with permission from ref. 57. 

Copyright 2006 American Chemical Society. 

The polymer chains are suggested to possess a collapsed conformation in these particles, 

which accounts for the spherical particle shape - representing the thermodynamically 

favourable lowest surface per volume - despite the rigidity of the polymer chain.57 

The precipitation of a poly(arylene ethynylene), substituted with hydrophilic amine and PEG 

groups, from dilute DMSO solution afforded aqueous dispersion of ca. 500 nm particles.58 

Note that amino groups on the particle surface can be useful for binding functional entities, 

e.g. proteins. Nanoparticles of 40 to 400 nm size of a substituted polythiophene 18a (Scheme 

3) were obtained by addition of THF solutions to water.59 By comparison to the 

aforementioned studies, in these two examples mixing was accomplished by stirring rather 

than ultrasonication, which may contribute to the larger particles sizes.  By a related method, 

the exact nature of which remains somewhat unclear from the data reported, Moon et al. 

generated nanoparticles of polymer 19 (Scheme 3) by solvent exchange via sequential 

ultrafiltration in the presence of acetic or ethylenediaminetetraacetic acid, which was 
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suggested to facilitate removal of copper- and palladium residues from the polymer, that had 

been freshly prepared in a non-aqueous system.60 

Reports of the generation of nanoparticles of conjugated polymers are not restricted to 

aqueous systems. Lai et al. prepared poly{1,3-bis[2-(3-alkylthienyl)]azulene} and poly{1,3-

bis[2-(3-alkoxythienyl)]azulene} 20a-f (Scheme 3) nanoparticles in a purely organic system 

by mixing equal amounts of a chloroform solution of the polymer and methanol.61 

Nanoparticles with an adjustable size from a few tens to five hundred nanometers grew over 

time via hydrophobic interactions and π-stacking (Figure 4). Nanoparticles of poly(9,9-

dioctylfluorene-co-benzothiadiazole) (14) were obtained by mixing THF solutions and 

cyclohexane.62  

 

Figure 4. SEM images of nanoparticles of 20c formed in 1:1 chloroform/methanol mixtures 

over the course of (a) 1 min, (b) 10 min, (c) 60 min, and (d) 240 min (left). Evolution of 

nanoparticle size over time employing a 10-5 M solution of (b) 20c and (c) 20f (right). 

Reprinted with permission from ref. 61. Copyright 2005 American Chemical Society. 

In an alternative approach, a solution of a substituted polythiophene 18b in supercritical 

carbon dioxide has been expanded into an aqueous surfactant solution, which resulted in the 

formation of nanoparticles 45 nm in size.63 

Fluorescent amphiphilic polymers with a hydrophobic polyfluorene backbone and hydrophilic 

PEG side chains formed nanoparticles in aqueous solutions. Other than the aforementioned 

precipitation methods, water was slowly added to a solution of the polymer in THF, which is 

a solvent both for the backbone and the PEG-moieties. ‘Micellization’ resulted in 

nanoparticles between 85 and 178 nm in diameter.64 Amphiphilic lipid- and alkylammonium-

substituted poly(phenylene fluorene)  was reported to form nanoparticles of ca. 50 nm size in 

water, albeit the preparation procedure was not given.65 
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Like emulsion methods (section 1.1.1.1.1), precipitation methods are restricted to solution-

processable polymers. However, the rigid backbone of conjugated polymers results in low 

solubilities in organic solvents, and the unsubstituted parent polymers are virtually insoluble 

in any solvent. Solubility requires the introduction of substituents as side chains, which also 

alters the electronic properties and often requires additional synthetic effort. Only most 

recently, the preparation of a dispersion of nanoparticles of an unsubstituted conjugated 

polymer by the precipitation method was reported, employing a precursor route. Shimomura 

et al. generated nanoparticles of a water-soluble PPV precursor polymer by adding an ionic 

liquid, which by itself is a poor solvent, to an aqueous polymer solution, and evaporating the 

water.66 The high boiling point of the ionic liquid allowed for the subsequent thermal 

conversion of the precursor polymer to poly(p-phenylene vinylene) (7) in the form of 

nanoparticles. Molecular weights of the polymers and the issue of colloidal stability remain to 

be addressed. 

By comparison to the emulsion technique, generation of nanoparticles by the precipitation 

technique generally yielded smaller particles (Table 1), and the polymer solids contents of the 

resulting dispersions or suspensions are much lower. In some cases, particle sizes are so low 

that they correspond to single polymer chain particles.55,62 Note that this probably does not 

reflect a limitation of emulsion methods regarding the accessibility of particularly small 

particles, but rather emulsion techniques have been employed when substantial polymer 

contents of the resulting dispersions were aimed for. 
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Table 1. Particle size and composition of conjugated polymer nanoparticle dispersions 

prepared via the precipitation technique. 

compounda size 
(nm) 

polymer solids contentb 
(10-4 wt.-% ≡ ppm) 

Mw × 103 
(g/mol) 

ref. 

18a 40-420c,d 20-200c 27 59 

22a 3-7e 3.6 55 57 

22b 50e 8 147 67 

12a 5-14e 3.6 200 57 

 5-30e 10 200 55 

 10-100f 47 186 68 

7 340d 90g n.d. 66 

20c 60-400d 110 26 61 

20d 30-100d 130 30 61 

14 5-30f 50 (70) 69 

21 8-12e 3.6 270 57 

19 97d 600 n.d. 70 

a cf. Schemes 1, 2, 3, and 4 for polymer molecular structures. b under the assumption that 
the volume of the aqueous phase is not reduced during evaporation of the organic solvent. c 
adjustable by varying the preparation conditions. d determined by DLS. e determined by AFM 
of isolated particles on solid substrates. f determined by comparing the single-nanoparticle 
fluorescence intensity distribution to that of a reference nanoparticle sample with a known 
size distribution. g units of milligrams per liter. 
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Scheme 3. Conjugated polymers prepared as nanoparticles by the precipitation technique. 

 

 

 

1.1.1.2 Polymerization in Heterophase Systems 

The direct generation in the form of nanoparticles of a polymer during its synthesis from low-

molecular-weight monomers, by polymerization in a dispersing medium which is a non-

solvent for the polymer, provides access to a broad scope of nanoparticles in terms of size 

control and particle structure. Also, polymers entirely insoluble in any solvent are accessible 

as nanoparticles, which is of particular interest regarding the lack of solubility of many 

conjugated polymers. This low solubility (and infusibility) in general, and the corresponding 

lack of processability, was indeed a motivation for the first studies of conjugated polymer 

nanoparticles. In 1983 Vincent et al. reported on the preparation of submicron polyacetylene 

(3) particles by acetylene polymerization in the presence of block copolymers as steric 

stabilizers.71 Bjorklund and Liedberg obtained colloidal polypyrrole (2) dispersions72 and 

Armes and Aldissi reported on colloidal dispersions of polyaniline (1).73 During the following 

decade, sterically stabilized nanoparticle dispersions of polyacetylene, polypyrrole and 

polyaniline, were studied intensely, a major aim being the processability to conducting 

polymeric materials. This work has been reviewed by several authors.74-80 The polymerization 

of 3,4-ethylenedioxythiophene (EDOT) in the presence of polyelectrolyte is employed 

commercially for the preparation of PEDOT/PSS dispersions.81 More recently, the scope of 

direct polymerization to nanoparticles has been extended to other classes of conjugated 

polymers, which amongst others are of interest for their luminescence, like poly(phenylene 

vinylene) (7) (cf. section 3),82 poly(phenylene ethynylene) (9) (cf. section 4.1.1)83 and 

polyfluorene (6). Other than polypyrrole, polyaniline or polythiophene these polymers can not 

be prepared by aqueous oxidative polymerization. Rather, their preparation frequently 
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involves transition metal catalyzed coupling reactions, which must be compatible with the 

specific heterophase polymerization for nanoparticle synthesis.  

The relevant types of heterophase polymerizations are briefly defined and differentiated in the 

following paragraphes. Dispersion polymerization refers to a polymerization in a reaction 

medium completely miscible with the monomer, but in which the polymer is insoluble. In this 

respect it is akin to precipitation polymerization. However, the particles formed are prevented 

from extensive agglomeration and macroscopic precipitation by steric stabilizers adsorbed or 

covalently bound to the particle surface, keeping their size small and number density high and 

rendering the particles colloidally stable. In emulsion polymerization the monomer possesses 

a limited, low solubility in the dispersing medium and forms a separate droplet phase. 

Polymerization starts in the dispersing medium (commonly water), which requires initiators 

or catalysts to be dissolved in the latter. Chain growth results in the nucleation of hydrophobic 

particles, which are stabilized by adsorption of added surfactant or by lyophilic moieties 

covalently incorporated into the polymer. Further polymerization occurs in the particles, to 

which the monomer diffuses from the monomer droplets through the aqueous phase, the latter 

serving only as a reservoir but ideally not being the site of polymerization. This requires a 

low, but sufficient water solubility of the monomer. A variant is miniemulsion polymerization. 

Other than the aforementioned (macro)emulsions, in which monomer droplets constantly 

coalesce and are broken up by shear (typically provided by a stirrer), miniemulsions once 

formed can be sufficiently stable over the time scale of the polymerization experiment. This 

requires suppression of Ostwald ripening by a hydrophobe present in small amounts (vide 

supra). Polymerization occurs in the droplets (50 to 500 nm in size), and ideally a given 

droplet is polymerized to a nanoparticle, such that the final particle dispersion is a replica of 

the initial miniemulsion. Initiators or catalysts can be soluble either in the monomer phase or 

in the dispersing medium. In the latter case, undesirable nucleation outside the droplets is 

suppressed by the large capture cross section provided by a high droplet number density, and 

by the absence of free surfactant. Microemulsion polymerization starts from a monomer 

microemulsion as the initial state. Microemulsions84-85 are thermodynamically stable 

mixtures, which can exist in a certain composition regime for a given system of monomer, 

surfactant, dispersing medium, initiator etc. Practically, the existence of a microemulsion is 

indicated by the gradual formation of a single transparent phase without application of shear. 

The dynamic nature of microemulsions renders particle formation processes more complex by 

comparison to miniemulsion polymerization.86 Essentially, due to their extremely high degree 
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of dispersion, with a typical length scale around 10 nm, microemulsions are suited for the 

synthesis of particularly small particles (< 20 nm).  

In heterophase polymerizations, the miscibility of monomer and polymer decisively impacts 

the course and outcome of the reaction. For example, in dispersion polymerization a high 

solubility of the monomer in the polymer particles, that is swelling of the particles by 

monomer, favours polymerization to occur in the particles once they are formed, rather than 

in the dispersing medium. In miniemulsion polymerization, a low solubility of the polymer in 

the monomer will promote phase separation in the droplets. In general, the formation of 

spherical particles with a thermodynamically favourable minimum surface to volume ratio is 

favoured by miscibility of monomer and polymer, as exemplified by the textbook polystyrene 

spheres prepared by emulsion polymerization. A typical feature of the parent unsubstituted 

representatives of the various classes of conjugated polymers is a low miscibility with their 

monomers, which indeed frequently results in particle shapes other than perfect spheres (note 

that a non-spherical shape can also result from ordering phenomena such as crystallization). 

Another, sometimes underrated, feature of many heterophase polymerizations is that the final 

particles and their number density are determined just as essentially by coagulation of existing 

particles during polymerization, as by nucleation and growth. If the original particles do not 

completely coalesce in the final particles, this will not only influence their size but also 

morphology. This is particularly relevant for polymers not in a rubbery, viscoelastic state 

during polymerization, which applies to many conjugated polymers. Therefore, final particles 

may consist of more or less strongly bound smaller primary particles, which is not always 

evident from the analytical data provided. 

1.1.2 Properties of Conjugated Polymer Nanoparticles 

Studies of conjugated polymer nanoparticles are motivated primarily by the conductivity, and 

luminescence of conjugated polymers. The nature of the samples employed for investigation 

of these physical properties is related to envisioned applications, and available methods. 

While conductivity is commonly studied on bulk samples, such as films generated from 

nanoparticle dispersions, luminescence is also often determined on ensembles of dispersed, 

non-aggregated particles, or even single nanoparticles.  
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1.1.2.1 Electrical Conductivity 

The conductivity of films and other bulk samples generated from nanoparticles of intrinsically 

conductive polymers, namely polypyrrole, polyaniline, polyacetylene and polythiophene and 

respective substituted derivatives since the 1980s has been, and continuous to be, an issue of 

interest. Results and insights gained have been reviewed extensively.75,87 Typically, the 

electrical conductivity of the nanoparticles is measured on macroscopic bulk samples by the 

standard Van Der Pauw direct current (DC) method88 or the four-point probe method89 after 

isolation of the nanoparticles from the dispersions by precipitation, centrifugation, freeze-

drying or casting on substrates. Samples for conductivity measurements are usually prepared 

by compressing the dried and often thoroughly cleaned powder to a pellet, or by spin casting 

films from the as prepared nanoparticle dispersions, i.e. containing impurities like surfactants, 

stabilizers, unreacted monomer or oxidant and catalyst residues to various extents.90 The latter 

is also used to prepare composite conductive films of conjugated polymer nanoparticles in a 

polymeric matrix by adding soluble host polymers to the dispersion prior to spin casting.91-93 

Conductivities cover the range from 10-5 to 102 S cm-1, depending on the type of polymer and 

overall preparation conditions. Due to the multitude of parameters which can have a 

significant impact, there is no straightforward or generic approach to adjust the materials 

conductivity, which depends amongst others on the degree of 'doping', the oxidation state, the 

particle morphology and size, the crystallinity, the inter- and intrachain interactions, the 

molecular weight and effective conjugation length, or the content of surfactants and other 

stabilizers. Several studies report a decrease in conductivity with increasing amount of 

insulating steric stabilizers or surfactant.72,94-97 In contrast, it was found that the incorporation 

of anionic surfactants in polypyrrole and PANI nanoparticles enhances their conductivity 

relative to similar materials prepared in the absence of surfactants or the presence of cationic 

surfactants, which is likely due to the surfactant functioning as counterion for cationic sites in 

the conjugated polymer, in this sense representing a 'dopant'.98-101 Polymerization in 

microemulsion and miniemulsion was found to yield conducting polymer nanoparticles with 

high crystallinity,97,102-105 which is believed to be beneficial for conductivity.106-107 For 

example, PANI nanoparticles obtained via polymerization in microemulsion with cationic 

surfactants at low temperature yielded bulk samples with a conductivity of 85 S cm-1. This 

was attributed to a highly compact and ordered structure of PANI chains originating from the 

reduced polymerization temperature and the very small particle size of only 4 nm.108 

Films generated from aqueous polyacetylene nanoparticle dispersions could be processed by 

dip-coating or inkjet printing to continuous films or circuit paths, which displayed 
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conductivities of up to 50 S cm-1 after 'doping' with iodine.109-110 For comparison, 

conductivities of bulk polyacetylene in the range from 102 to105 S cm-1 have been reported, 

which are influenced amongst other by orientation induced by stretching, and the doping 

procedure.7-8,111 As expected due to the known air-sensitivity of bulk polyacetylene, stability 

of the films in air is limited. However, conductivity was still detected after 48 h in air, 

amounting to one fifth the initial value of the freshly prepared film. 
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Figure 5. Electrical conductivity vs. concentration of conjugated polymer nanoparticles in 

polymeric composite films or pressed pellets (solid lines are fitted through the data points as 

guide to the eye). (a) PPy (100 – 200 nm), methylcellulose, ref. 72; (b) PPy (100 – 150 nm), 

PVA, ref. 94; (c) PPy (100 – 130 nm), PVME, ref. 112; (d) PPy (50 – 120 nm), EHEC, ref. 

96; (e) PPy, PEMA, ref. 113; (f) PPy (120 – 140 nm), multiblock copolymer consisting of 

poly(ethylene glycol) and poly(tetramethylene ether glycol) blocks, ref. 95; (g) PANI (5 – 30 

nm), PVA, ref. 114; (h) PANI (< 20 nm), PVA, ref. 115; (i) PANI (4 nm), PC, ref. 108; (j) 

PPy (2 nm), PC, ref. 91. 

A related issue of long-standing interest have been blends of insulating polymers with 

conjugated polymer nanoparticles. Even at very low volume portions of conjugated polymers, 

substantial conductivity is observed for composites prepared by spin casting mixtures of 

surfactant stabilized nanoparticle dispersions and polymer solutions. This has been 

demonstrated for a range of matrices (Figure 5 e – k). By comparison, albeit they have usually 

been studied only at higher content of conjugated polymer content, pellets obtained from 

sterically stabilized particles (Figure 5 a – d) appear to display a pronounced loss of 
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conductivity with decreasing conjugated polymer content (Figure 5a, b). Possibly, this 

indicates a lower propensity of the conjugated polymer core to aggregate, by comparison to 

electrostatically surfactant-stabilized particles in polymer matrices. It has been shown that the 

latter self-assemble into networks in polymer blends, enabling the low thresholds of 

conducting polymer content for the onset of electrical conductivity.116 Note that the role of 

primary particle domains for the conductivity of bulk polymer films, generated by secondary 

dispersion of doped conjugated polymer powders in water or organic solvents, has also been 

discussed extensively.117-121 

For layer-by-layer assemblies122 of PEDOT nanoparticles stabilized by cationic surfactants 

with PSS, swelling and shrinking upon oxidation or reduction were studied by 

electrochemical surface plasmon resonance. By comparison to assemblies of commercial 

PEDOT/PSS with poly(ethylene imine), shorter switching times were observed, which was 

attributed to a better diffusion of charge balancing counterions into the electroactive PEDOT 

layer.123 

 

1.1.2.2 Photoluminescence and Electrooptical Properties 

The photophysical properties of conjugated polymers, most prominently polythiophenes, 

polyphenylenes, polyfluorenes, poly(arylene vinylenes), and poly(phenylene ethynylenes), 

have extensively been investigated, motivated to a large extent by their practical utilization in 

light emitting or photovoltaic devices. Studies of polymer solutions and of bulk polymer films 

revealed that luminescence, whether induced by photo-excitation or by charge injection, is 

strongly dependent on chain conformations, and the occurrence of aggregates of various types 

and sizes. This is due to conjugation lengths and their distribution, and thus the nature of the 

chromophores, and inter- and intrachain interactions being influenced by these factors. Chain 

conformations and morphologies, in turn, are dependent on the presence of additional 

compounds optionally present and interacting with the polymer chain, such as solvents, and 

the preparation and history of the sample. Very generally, for a given polymer, the absorption 

spectrum shifts red with increasing inter- and intrachain interactions which are usually 

dominant in thin films prepared from organic solutions and in aggregates consisting of highly 

ordered or crystalline domains, with respect to the polymer dissolved in a good solvent, i.e. a 

rather unfolded chain.124 The corresponding emission spectra are also commonly red shifted, 

as the inter- and intrachain interactions favour energy transfer to low energy emitting sites 

present typically in bulk materials such as thin films or aggregates. A review of the relation of 
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chain conformation and film morphology to energy transfer and chain interactions has been 

provided by Schwartz.125 

For nanoparticles, the absorption spectrum can exhibit an overall blue or red shift relative to a 

solution of the polymer in a good solvent, depending on preparation conditions. Nanoparticles 

prepared by miniemulsion polymerization or reprecipitation typically exhibit a blue shifted 

absorption maximum. This is attributed to a reduction of conjugation length caused by kinks 

and bends of the polymer back bone as the polymer is constrained into a small volume and is 

believed to adopt a collapsed conformation.55,82 In reprecipitation, particle formation occurs 

very rapidly, which can impede the formation of relaxed and ordered conformations.  In 

contrast, nanoparticles prepared by self-assembly over a more extended period of time from a 

mixed good- and poor solvent system featured a red-shifted absorption maximum due to the 

formation of highly ordered structures, possibly consisting of aligned, stretched polymer 

chains.54,61 This red shift increases linearly with the nanoparticle size. Moreover, annealing of 

dispersed nanoparticles prepared by the rapid reprecipitation method resulted in a red-shift of 

the absorption peak, indicating that a certain level of distortion of the more or less collapsed 

chains in the as-formed nanoparticles is relaxed into ordered rearranged structures.59 A given 

conjugated polymer nanoparticle usually will contain a multitude of chain conformations and 

locally variable degrees of order, which accounts for the commonly observed long red tail of 

an overall blue shifted absorption spectrum.55  

The emission spectra of conjugated polymer nanoparticles are typically red shifted with 

respect to a polymer solution in a good solvent, particularly due to energy transfer to low 

energy chromophores which increases with increasing chain-chain interactions. The red shift 

increases with particle size, approaching the spectrum of the bulk material.68 Essentially, bulk 

spectral properties are already found for particle sizes ≥10 nm, which includes particles 

consisting of only a single polymer chain.55 For poly(9,9-dialkylfluorene)  nanoparticles 

generated by rapid reprecipitation, a  conversion of a disordered glassy phase to a crystalline 

β-phase occured upon swelling of the as-prepared nanoparticles with solvent. Accordingly, 

the particles emission was red-shifted, towards the spectrum of the crystalline phase.67 

Concurrent data resulted from studies of the luminescence of thin films of poly(9,9-dihexyl 

fluorene) (22a) (Scheme 4) prepared from THF solution and from nanoparticle dispersion.126  

For films prepared from conjugated polymer nanoparticles generated by post-polymerization 

emulsification of polymer, no effect of the surfactant present in the nanoparticles on the 

absorption and emission spectra by comparison to solution cast films was evident.127 
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From studies of energy transfer in nanoparticles composed of a blend of different conjugated 

polymers with different band gaps, McNeill et al. conclude that in addition to Förster 

resonance energy transfer (FRET), exciton diffusion processes are involved as well.128 

Considering that exciton diffusion lengths of conjugated polymers typically range from 5-20 

nm,55,129-130 which is on the order of the size of particles studied, such processes can be 

expected to occur very efficiently. Low amounts (e.g. 1 mol-%) of lower energy 

chromophores, introduced in the form of other conjugated polymers or of low-molecular-

weight dyes, are sufficient to ensure effective energy transfer from the main component 

conjugated polymer, such that emission is only observed from the former.129 This allows for 

bathochromic tuning of the emission colour of the nanoparticles by blending, or covalent 

incorporation of dye (Figure 6).48-50,128-129,131-137 For a given conjugated polymer, 

nanoparticles exhibiting different emission colors can be excited simultaneously with a single 

laser as a light source,137 which is of particular interest for simultaneous identification of 

different analytes, and biomedical imaging. 

 

  

Figure 6. Dilute aqueous disperions of nanoparticles of 23 (green, black line 9a) with 

copolymerized diethynylfluorenone 25 (yellow, orange line 20c) and copolymerized diethynyl 

perylene diimide 26 (red, red line 20a) under UV light (left, cf. Scheme 4 for polymer 

molecular structures). Corresponding fluorescence spectra (right, excited at 366 nm). 

Reprinted with permission from ref. 131. Copyright 2009 American Chemical Society. 

For oligo(phenylene vinylene)-functionalized cadmium selenide quantum dots dispersed in a 

poly(2,5-dioctyl-p-phenylene vinylene) matrix in a non-aggregated fashion, energy transfer 

from the organic portion to the quantum dots was confirmed by fluorescence spectroscopy.138 

Single particle fluorescence studies indicate an enhanced energy transfer for oligo(phenylene 
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vinylene)-substituted quantum dots, by comparison to blends of simply aryl-substituted 

quantum dots with a poly(phenylene vinylene) matrix.139 

For very small conjugated polymer nanoparticles (<10 nm) blinking phenomena have been 

observed. This was ascribed to a single photo-oxidation event, sufficient to induce a large 

change in emission intensity, which is not the case for larger particles.68,140 Spectroscopic 

monitoring of electrochemical charging and discharging of individual conjugated polymer 

nanoparticles by Barbara et al. revealed that an observed loss of fluorescence intensity upon 

oxidation is dependent on particle size, and particularly pronounced for smaller particles. This 

was ascribed to an irreversible chemical reaction at the particle surface. Photon correlation 

measurements suggest that conjugated polymer nanoparticles can behave as single-photon 

sources depending on their preparation and consequently chain conformations.141
  

Comparison of spectroscopic data of different conjugated polymer nanoparticles (Table 2) 

reveals correlations with particle size. For a given polymer, quantum yield appears to decrease 

with increasing particle size (entries 3 vs. 4, and 8 vs. 9. Also cf. [126], though data refers to 

films from nanoparticles). The size dependence of the quantum yield has been attributed to 

the effect of particle size on the efficiency of energy transfer to various fluorescence 

quenching sites present in the nanoparticle.140 This qualitatively agrees with the observed 

lower quantum yield of the polymer nanoparticle - similar to bulk material - as compared to 

polymer solutions in organic solvents, which can be up to 25-fold lower.57 Nonetheless, 

typical quantum yields for neat conjugated polymer nanoparticles range from ca. 10 % up to 

40 % for poly(9,9-dioctylfluorene) (22b). They can be increased by physical128 or 

covalent131,137 incorporation of dye, to which energy transfer occurs (also cf. Table 2). 

However, the amount of added dye is a critical issue as severe fluorescence quenching was 

observed upon dye aggregation at elevated concentration of (non-covalently incorporated) 

dye.129 Typical dye concentrations are 0.5 to 2 mol-% with respect to the repeat units.131 
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Scheme 4. Structures of conjugated polymers constituting the nanoparticles corresponding to 

the data shown in Table 2. 
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Table 2. Spectroscopic data of conjugated polymer nanoparticles. 

entry compound Mw 
× 103 

(g/mol) 

size  
 

(nm) 

polymer 
chains / 

NPa 

σ b/NPa  
 

(nm2) 

σ b / 
polymer 

chain 
(nm2) 

ε c 
 

(M/cm) 

ϕ d  
 

(%) 

ref. 

1 12a 200 10 1 4 4 2.4 × 107 n.d. 55 

2 12a 200 15 21 f 44 2 2.6 × 108 1 140 

3 21 270 10 1 8.3 8.3 5.0 × 107 10 57 

4 21 270 15 7 f 55 7.9 3.3 × 108 8 140 

5 22a (+ 21) 55  
(270)e 

20 200 249 1.2 1.5 × 109 14 128 

6 22a (+dye) 55 30 200 249 1.2 1.5 × 109 40 129 

7 22a (+dye) 55 25 90 190 2.1 1.1 × 109 n.d. 142 

8 22b 147 50 280 830 3.0 5.0 × 109 35 67 

9 22b 147 15 22 f 54 2.5 3.3 × 108 40 140 

10 22b (+dye) 147 50 270 1200 4.4 7.2 × 109 n.d. 142 

11 16 n.d. 15 n.d. 46 n.d. 2.7 × 108 12 140 

12 14 10 15 100 g 28 0.3 1.7 × 108 7 140 

13 23 76 22 150 f n.d. n.d. n.d. 5 131 

14 24 64 29 350 f n.d. n.d. n.d. 11 131 

15 26 95 40 600 f n.d. n.d. n.d. 5 131 

16 25 88 22 130 f n.d. n.d. n.d. 6 131 

17 27 380 124 3300 f n.d. n.d. n.d. 38 137 

18 28 460 61 900 f n.d. n.d. n.d. 46 137 

a NP = nanoparticle. b absorption cross section. c molar absorption coefficient. d 
fluorescence quantum yield. e molecular weight of 14. f estimated from molecular weight (Mn) 
and particle size, assuming a spherical particle shape and a particle density of 1 g mL-1. 

The absorption cross section (σ) has also been correlated to the particle size and is assumed to 

increase linearly with particle volume.55 Typical values of absorption cross sections of 

molecularly dissolved conjugated polymers range from 0.01 to 1 nm2,52,57 which correlates 

well with the reported cross sections of  nanoparticles consisting of a single or very few 

polymer molecules (entries 1 and 3). Even rather small conjugated polymer nanoparticles 

exhibit relatively high absorption cross sections, and their fluorescence brightness, also when 
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taking particle volume into account, compares favourably to CdSe quantum dots in the visible 

and near-UV range.140,143-144 Conjugated polymers are known to possess high multiphoton 

absorption coefficients.145-146 Two photon absorption cross sections σ2 of several conjugated 

polymer nanoparticles, usually reported as two photon action cross sections σ2
*, have been 

found to range from 103-105 GM (Figure 7, left).56,137,147 This is roughly 3 to 4 orders of 

magnitude higher than σ2
* of organic dyes, and competes with σ2

* of quantum dots of 

comparable size.148 

  

Figure 7. Semilog plot of the two-photon action cross section vs. the excitation wavelength 

for nanoparticles of 22a, 12a, and 21 (left). Reprinted from ref. 56. Copyright 2007 American 

Chemical Society. Fluorescence saturation of single nanoparticles of 14 with increasing 

excitation intensity (right). Reprinted from ref. 140. Copyright 2008 American Chemical 

Society. 

Fluorescence decay traces of nanoparticles of different conjugated polymers of 15 nm size 

could be fit adequately with a single exponential function (except for 16). Fluorescence 

lifetimes are in the 0.1 to 1 ns range (Table 3).140 The radiative rates were found to be similar 

or slightly higher than those of typical organic dyes. These data are considered useful for 

applications like flow cytometry and high-speed imaging or tracking. Photobleaching kinetics 

allowed for a rough estimation of photobleaching quantum yields and the number of photons 

emitted prior to complete bleaching (Table 3). While due to the interactions of multiple 

chromophores the bleaching mechanisms of nanoparticles are more complex and not directly 

comparable to single dye molecules, for practical considerations it can be noted that the 

number of photons emitted per nanoparticle prior to bleaching is 3-4 orders of magnitude 

higher than the photon number of typical fluorescent dye molecules. These results, together 

with further photobleaching studies, indicate a reasonable photostability of conjugated 

polymer nanoparticles for practical purposes, such as imaging65,147 (cf. section 4.1). Studies of 
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the photoexcitation kinetics of films of 10 prepared from aqueous nanoparticle dispersions 

and from organic solution, respectively, indicate similar lifetimes of single excitons for both 

films, an increased polaron density and triplet lifetime and a significantly higher triplet yield 

for the nanoparticle based film. The longer triplet lifetime was attributed to a hindered 

migration across the conjugated polymer nanoparticles boundaries.149 The excitation-power 

dependence of the photoluminescent count rate was studied on single molecule nanoparticles 

of polymers 12a and 14 and was found to saturate quickly for excitation intensities up to 2 

kW cm-2 (Figure 7, right),140 indicating a mean saturation emission rate much higher than that 

of typical molecular dyes150 or semiconductor quantum dots.151  

 

Table 3. Time dependence of fluorescence and photostability data of nanoparticles of 

different conjugated polymers (ca. 15 nm size).140 

compound fluorescence 
lifetime,  

τ (ps) 

radiative 
rate,  

k (s-1) 

photobleaching quantum 
yield 

photon 
number 

22b 270 1.5 × 109 ~10-8 ~107 

12a 127 7.9 × 107 ~10-8 ~106 

16 242 5.0 × 108 ~10-9 ~108 

14 595 1.2 × 108 ~10-10 ~109 

21 133 6.0 × 108 ~10-9 ~107 

 

An approach to control the phase separation generating the heterojuction in organic solar cells 

on the nanoscale is based on conjugated polymer nanoparticles. Neher et al. prepared solar 

cells by spin casting dispersions of either a mixture of single-component nanoparticles of 14 

and 15, respectively, or of nanoparticles consisting of a mixture of 14 and 15. Significantly 

different device properties for the two types are reported with an optimum external quantum 

efficiency of ca. 4 % for a device made of blended particles containing 14:15 at a weight 

fraction of 2:1.48-49  

For an OLED device fabricated from aqueous dispersions of nanoparticles of 10, typical 

characteristics are a much lower electroluminescence onset at the nanoparticles energy gap of 

2.7 V and a slightly increased efficiency of ca 0.5 cd A-1 compared to OLEDs fabricated from 

organic solution of the same polymer, and a maximum brightness of ca. 145 cd m-2.  The 

significant onset reduction is attributed to an enhanced electrical field resulting from the 
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‘stalactite’-type aluminium cathode deposited on the nanostructures' rough particle layer 

surface.47 OLEDs have also been prepared by inkjet printing of aqueous dispersions of MEH-

PPV (12a). However, device performance was poor with extremely high current and light 

emission onset voltages. By addition of PEG to the aqueous dispersions, and doping with an 

alkali metal salt prior to device layer fabrication, the performance was significantly improved, 

to onset voltages for the current as well as for luminescence just slightly above 3 V and a 

remarkably enhanced light output.152  Inkjet printing aqueous nanoparticle dispersions of 10 

on a non-emitting polystyrene matrix layer and embedding the former by thermal annealing 

afforded well ordered spots with a minimum feature size of 20 µm, which function as an 

OLED device.153 Functioning OLED devices of poly(phenylene ethynylene) were also 

generated from nanoparticles prepared directly by polymerization in aqueous emulsion, 

without intermediate purification. Defect-free devices on the cm2 size range were readily 

obtained.154 

1.2 Catalytic Polymerization in Aqueous Systems 

 

Today, catalytic polymerization is the most prominent tool for the industrial production of 

plastics (cf. Figure 1). Although polyolefins are also accessible via radical polymerization, the 

catalytic preparation is often preferred, as it enables in general a precise control on the 

polymer microstructure and thereby on the associated material properties. However, industrial 

catalytic polymerizations are usually accomplished by early transition metal-based catalysts, 

based for instance on Ti, Zr, Cr or V.155-157 These catalysts are highly oxophilic and reactive 

towards water, and require strictly anhydrous and inert conditions. Transferring catalytic 

polymerizations into aqueous media is of great industrial interest, not only due to cost 

reductions, safety and environmental issues, but moreover due to the possibility of preparing 

aqueous polymer particle dispersions with well controlled material properties which can be 

processed easily by established printing or casting techniques and provide good film forming 

properties. Especially when considering conjugated polymers, the advantages of aqueous 

polymer nanoparticle dispersions get obvious, as they might overcome the notorious issue of 

processing conjugated polymers, which are in general insoluble and infusible, prohibiting 

solution or melt-based processing techniques. However, apart from polypyrrole, polyaniline 

and polythiophene, the preparation of conjugated polymers frequently involves transition 

metal catalyzed coupling reactions, which must be compatible with the polar environment and 

the specific heterophase polymerization conditions. 
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First attempts towards catalytic polymerization of olefins in polar medium date from 1977 

with the commercialization of the SHOP-process, which involves the oligomerization of 

ethylene with the nickel-phosphine complex (C6H5)2P(CH2)2COONi in 1,4-butanediol. 

Polymerization of ethylene in pure water was first accomplished 1993 with a rhodium-based 

catalyst with very low turn-over-frequencies, yielding a low molecular weight polymer.158 

Based on the cationic substituted diimino-palladium complexes introduced by Brookhard et 

al.,159 a related complex bearing bulky substituents on the κ2-N,N’-coordinated diimino ligand 

was found to polymerize ethylene in aqueous emulsion with 900 turn overs per hour which is 

comparable to non-aqueous systems in methylene chloride.160-161 As already obvious from 

these examples, catalytic polymerization in aqueous systems is accomplished by late 

transition metal-based catalysts, based for instance on Ni, Rh or Pd, which are less oxophilic 

and more tolerant towards a polar environment than the traditionally used Ti, Zr and Cr-based 

catalysts.  

A further development in the catalytical preparation of aqueous polyethylene dispersions was 

the introduction of neutral Ni(II) complexes bearing either substituted phosphinoenolato160,162-

165 or substituted salicylaldiminato163,166-168 ligands. By appropriate choice of the substituents 

on the N-terphenyl-substituted salicylaldiminato ligand, it has become possible to control the 

molecular weights and the degree of branching, which determines the thermal and mechanical 

properties of the material. For instance, the CF3 substituent results in semicrystalline 

polyethylene (9 branches / 1000 C atoms, crystallinity ≈ 65 %, Tm ≈ 127 °C, Mn > 105  

g mol-1), whereas the OMe substituent yields highly branched amorphous material (80 

branches / 1000 C atoms, Mn ≈ 2 × 103 g mol-1).167 The introduction of electron withdrawing 

perfluoro substituents to the phosphinoenolato ligand led to a strong increase of activity in 

aqueous ethylene polymerization (1.7 × 105 TO h-1), however, the linear polymer revealed a 

low molecular weight and a high polydispersity.164,169-170 A phosphinophenolato-Ni(II) 

complex formed in situ from tertachlorobenzoquinone, triphenylphosphine and [Ni(cod)2] was 

also found to polymerize ethylene in miniemulsion resulting in low molecular weight 

polyethylene dispersions with solids contents up to 28 wt.-%.165 By replacing the 

triphenylphosphine by a sulfonated analoga, the catalyst system could be used in 

homogeneous aqueous phase yielding extremely small polyethylene nanoparticles of 20 nm in 

diameter.171 

Copolymerization of ethylene with 1-olefins or norbornene has been realized by catalytic 

polymerization in emulsion, resulting in aqueous dispersions of polymer particles with 

variable crystallinity depending on the amount of incorporated comonomer.165,172-173 Aqueous 
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dispersions of polybutadiene,174-177 polyalkenamer,177-180 polynorbornene,181-183 and 

polyketones184 have also been accessed by catalytic polymerization in aqueous systems. 

Dispersions of conjugated polymers prepared by catalytic polymerization in emulsion are still 

very limited today. Albeit the conductivity of polyaniline was known at the time,185-186 it was 

the discovery of the conductive properties of ‘doped’ polyacetylene which triggered 

widespread interest in conjugated polymers. Polyacetylene is the simplest conjugated polymer 

in terms of molecular structure, and thus can be considered the prototype of conducting 

polymers. Studies of nanoparticles of polyacetylene are, however, scarce in number. By 

contrast to the oxidative polymerization of pyrrole and aniline, the insertion polymerization of 

acetylene employs transition metal catalysts, which are commonly extremely sensitive to 

moisture and oxygen. A polymerization of acetylene in an aqueous system was reported only 

recently.109 A palladium(II) catalyst modified by 1,3-bis(di-tert-butylphosphino)propane 

proved to be stable and very active in acetylene polymerization in aqueous emulsion. By 

comparison to the aforementioned non-aqueous polymerizations, in which catalyst 

productivities were rather low (35 mol acetylene / mol metal),187 productivities in this 

aqueous polymerization amount to > 103 mol acetylene polymerized / mol Pd. The catalyst 

system dissolved in hexane/ethanol was miniemulsified in an aqueous SDS solution by 

sonication. Bubbling of acetylene gas through the miniemulsion resulted in stable dispersions 

of polyacetylene nanoparticles ca. 20 nm in size, with solids contents up to 7 wt.-%. The 

aforementioned Pd(II)/diphosphine catalyst system also polymerizes phenylacetylene with 

very high activities of > 105 mol acetylene / mol Pd in aqueous emulsion. An SDS-stabilized 

miniemulsion of the monomer, containing the dissolved lipophilic catalyst, was generated by 

sonication. Polymerization was subsequently triggered by addition of a small amount of 

strong acid, which activates the catalyst. Stable poly(phenylacetylene) dispersions with solids 

contents of up to 36 wt.-% were obtained, composed of spherical particles with sizes in the 

range from 50 to 150 nm.188 Polymerization in microemulsion afforded poly(phenylacetylene) 

dispersions with only 25 nm particle size, at polymer solids contents of 6 wt.-%.188 

Polymerization of acetylenes substituted with chiral substituents in aqueous microemulsions 

containing DMF and SDS surfactant by a hydrophobic rhodium catalyst yielded dispersions 

of helical, optically active polymers. Average particle sizes observed by TEM of 70 to 100 nm 

are relatively large given the large amount of surfactant employed, which exceeds the amount 

of monomer. The polymers formed have molecular weights around Mn ≈ 2 × 104 g mol-1, with 

narrow distributions, as determined by GPC in THF vs. polystyrene standards.189 Free-radical 
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polymerizations in the presence of such polyacetylene particles yielded core-shell particles 

with a polyacrylate shell.190 

An approach to polyacetylene alternative to insertion polymerization is ring opening 

metathesis polymerization (ROMP) of cyclooctatetraene (COT).191-193 In employing a liquid 

monomer rather than gaseous acetylene, this is to some degree complimentary in terms of the 

initial state of the reaction mixture, and avoids the handling of thermodynamically instable 

acetylene. Ruthenium-catalyzed ROMP in general has been demonstrated to be well suited for 

aqueous systems.194-195 However, the ROMP of COT is associated with a very low release of 

ring strain as a driving force. Nonetheless, ROMP of COT in aqueous miniemulsion by 

lipophilic N-heterocyclic carbene-substituted ruthenium alkylidene (Hoyveda-Grubbs catalyst 

precursor) proceeded to colloidally stable dispersions. Polymerization in miniemulsion at 50 

°C with a monomer / catalyst ratio of 200 resulted in virtually complete conversion. 

Polyacetylene nanoparticles of ca. 100 nm average size result. Employing a 

COT/cyclooctadiene mixture resulted in copolymers with shorter conjugation length. 

Hydrogenation in the dispersion afforded polymer amenable to GPC analysis, revealing a 

molecular weight around Mn ≈ 104 g mol-1 and a distribution Mw/Mn of 2.5. Analogous 

polymerization of COT in microemulsions afforded very small particles of only 8 nm size 

according to DLS.110 

Metathesis was also employed by Buchmeiser et al. in the cyclopolymerization of 1,6-

heptadiynes with a polymer-bound ruthenium-based metathesis catalyst. The amphiphilic 

block copolymer to which the catalyst is bound also stabilizes the polymer particles formed. 

Aqueous dispersions of substituted polyacetylenes, stable for several weeks, with particles 

sizes between 100 and 200 nm were obtained.196 

Luminescent conjugated polymers, typically of the PPE or PPV type structure, are usually 

prepared by transition metal-catalyzed cross-coupling reactions. Their preparation in aqueous 

systems as nanoparticle dispersions has been accomplished only recently or is still matter of 

actual research. The synthesis of poly(p-phenylene ethynylene) (PPE) and its derivatives is 

accomplished by metal catalyzed cross-coupling reactions of appropriate monomers, typically 

via an A2 + B2 step growth polymerization. In such polymerizations, a high conversion of 

functional groups is mandatory to obtain higher molecular weight polymers. This requires that 

an exact monomer stoichiometry is ensured also in the highly disperse multiphase systems of 

emulsion polymerization, in which the various components may have different distribution 

coefficients for the phases. 
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Weder et al. prepared cross-linked substituted PPE nanoparticles via Sonogashira coupling of 

2,5-diiodo-4-(2'-ethylhexyloxy)methoxybenzene and 1,4-diethynyl-2,5-di(octyloxy)benzene 

with 1,2,4-tribromobenzene as a cross linker in an aqueous SDS emulsion. Mixing of the 

immiscible components was aided by polymerizing in an ultrasonic bath. The nanoparticles 

precipitated during polymerization, but could be redispersed in toluene to a certain extent. 

SEM reveals particles with sizes from 50 nm to 400 nm. The cross-linked material is 

insoluble, prohibiting the determination of the molecular weight and consequently an insight 

in monomer conversion and catalyst activity, which seemed to be very limited in this case, as 

concluded from a yield of only 4.4 %.83 

Stable aqueous dispersions of linear substituted PPE are accessible by Sonogashira coupling 

of 1,4-di(2-ethylhexyloxy)-2,5-diethynylbenzene and 1,4-dibromo-2,5-di(2-

ethylhexyloxy)benzene in a miniemulsion process. A solution of monomers and catalyst in a 

small amount of toluene was miniemulsified in an aqueous SDS solution by means of high 

shear generated by ultrasound. Polymerization occurred inside the droplets to afford a 

dispersion of non-aggregated PPE nanoparticles with an average size around 80 nm in the 

absence of any coagulates. Dialysis and concentration of the dispersion yielded a stable 

dispersion with a solids content of 15 wt.-%. GPC of the isolated polymer revealed a high 

molecular weight of 1.7 × 105 g mol-1.154 Further extension of this methodology yielded 

poly(arylene ethynylene) nanoparticles with dialkoxybenzene and fluorene repeat units, and 

optionally covalently incorporated pyrrolopyrrole and fluorenone dyes 27, 28.137 

Poly(p-arylene diethynylenes) can be prepared by Glaser coupling polymerization, a coupling 

reaction also compatible with aqueous systems. The reaction involves an oxidative coupling 

between two alkyne groups to the corresponding diethynylenes, with air as an oxidant.197 

Copper-catalyzed polymerization of 1,4-diethynyl-2,5-di(2-ethylhexyloxy)benzene in aqueous 

miniemulsion afforded nanoparticles of 23 with a size of ca. 30 nm. A key to conducting such 

reactions in aqueous emulsion was found to be the utilization of an appropriate lipophilic 

bidentate ligand, dinonylbipyridine, in the copper (I/II) catalyst system, which solubilizes the 

catalyst in the organic monomer phase, rather than in the aqueous phase. Unlike A2 + B2 

polycondensation, due to the utilization of only a single organic monomer the exact 

adjustment of stoichiometry is not an issue. The resulting intensely yellow coloured 

dispersions of high molecular weight poly(arylene diethynylene) nanoparticles were stable for 

at least several months to years. Copolymerization of difunctional dyes, e.g. diethynyl-

substituted perylene, yielded nanoparticles of poly(arylene diethynylenes) with 0.5 to 10 mol-

% of covalently incorporated dyes 25, 26.131 
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The preparation of PPV nanoparticles by catalytic polymerization in aqueous systems has not 

been demonstrated yet and is object of research in the present PhD thesis (cf. section 3). 

 

1.3 Cell Imaging with Fluorescent Particles 

Fluorescence-based spectroscopy and microscopy techniques provide a more and more useful 

tool elucidating interactions in biological systems. Especially observations at the single 

molecular level afforded valuable insights into biochemical processes198 and promises to 

provide an unexampled comprehension of multiple biochemical processes when transferred 

into living cells as for instance gene expression, signaling, metabolism, or protein 

transport.199-202 However, single molecule-based techniques in biological systems are still 

hindered due to the lack of sufficiently bright and photostable probes overcoming photon-

limiting interferences like scattering and autofluorescence. A convenient measure for 

fluorescence brightness is the product of the absorption cross section and the fluorescence 

quantum yield, which typically range from 10-16 to 10-17 cm2 and from a few to nearly hundred 

percent, respectively, for single molecular organic dyes (compare to Table 2). Considering 

single molecule fluorescence methods, a limited photostability through bleaching phenomena 

and blinking phenomena will be disastrous for long term single molecule tracking 

measurements. In that context, fluorescent nanoparticles have most recently attracted interest 

in live cell imaging and biosensing. Their extraordinary fluorescent brightness and much 

higher fluorescence emission rates with respect to single dye molecules are beneficial for time 

resolved observations or intracellular studies. Different classes of fluorescent nanoparticles 

have been studied, such as for instance inorganic semiconductor quantum dots.38,203-205 They 

have been utilized to monitor diffusion dynamics of glycine receptors,206 have been 

conjugated to lipids for tracking experiments on cell surfaces207 or have been targeted to 

assigned organelles inside cells208 by appropriate surface functionalizations. Three 

dimensional tracking of quantum dots has been realized in cells209-210 as well as multiphoton 

bioimaging.148 However, despite their superior photophysics with respect to organic 

molecular fluorophores,211 drawbacks like heavy-metal core-related cytotoxicity,212-215 the 

existence of dark dots,216 and incompatibility of the inorganic material with biological tissue 

limit the broad application of quantum dots in biomedical processes, even though many 

approaches on biocompatible surface functionalization have recently been undertaken.217-218 

Dyes non-covalently encapsulated in latex219-220 or silicaparticles221-222 have also been 

addressed in that context but, however, suffer from limited dye-loading concentration due to 



General Introduction 

 32 

fluorophore aggregation and self quenching. The potential leakage of the dye from the silica 

or latex beads is a further critical issue of such materials which can be overcome by 

covalently attaching dyes to latex particles.223-224 Organic nanoparticles consisting of neat 

dyes, like dendronized perylenediimide225 or fluorene-based oligomers226 have been 

synthesized by disintegration of micron-sized, dispersed dye particles via laser ablation and 

by self-assembly processes of amphiphilic molecules, respectively, and proven to be bright 

and photostable probes for single particle fluorescence investigations. As evident from section 

1.1.2.2 π-conjugated polymer nanoparticles exhibit an extraordinary fluorescence brightness 

and a high photostability, rendering them suitable as probes for imaging of biological system 

or tracking experiments in cells, which is further discussed in section 4. Although 

nanoparticles are readily taken up by cells,227-228 fluorescent nanoparticles have to meet 

various requirements, which further depend on the intended application. Foremost, the 

utilization of nanoparticles rather than dye molecules does require that the given system under 

investigation is not disturbed by the probe in an undesirable fashion. 
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2 Objective 

Conjugated polymers have been studied intensly over the past three decades, due to their 

conductive and luminescent properties. In the form of nanoparticles, however, luminescent 

polymers have found interest only most recently, and at the beginning of this thesis only a 

handful of publications existed on such particles. They are of interest for various reasons, 

such as the very high luminescence brightness of individual nanoparticles, or the possibility of 

overcoming the notorious issue of processing insoluble, intractable polymers via particulate 

systems.  

Stable aqueous dispersions of luminescent conjugated polymer nanoparticles had been 

accessed by post-polymerization dispersion techniques exclusively, based primarily on 

commercially available conjugated polymers, which need to be soluble for this purpose. An 

alternative approach to the preparation of conjugated polymer nanoparticles would be their 

direct preparation from the monomer by polymerization in highly disperse aqueous systems. 

Several approaches to the synthesis of aqueous conjugated polymer nanoparticle dispersions 

by catalytic polymerization in aqueous systems were under investigation within the Mecking 

group in parallel, differing in synthetic chemistries and the attained basic polymer structures. 

In detail, the preparation of poly(p-phenylene ethynylene) (PPE) nanoparticle dispersions 

from Sonogashira coupling and of poly(p-phenylene diethynylene) nanoparticle dispersions 

from Glaser coupling, had been investigated. 

This work aimed at the synthesis of poly(p-phenylene vinylene) (PPV) type nanoparticle 

dispersions by ruthenium-based acyclic diene metathesis (ADMET) polymerization of various 

divinyl benzenes in disperse aqueous systems.  

Conjugated polymer nanoparticles are attractive as ultra bright probes, which can also be 

excited in a non-linear fashion. Thus, in a second part of this thesis, the suitability of 

conjugated polymer nanoparticles originating from catalytic polymerization in heterophase 

systems as fluorescent labels for biological cell imaging was to be investigated. The 

interaction and the uptake of the nanoparticles by living and fixed cells as well as a 

spectroscopic characterization of the nanoparticles’ two-photon action cross sections, which 

are especially relevant for mild deep tissue imaging, were of interest. 
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3 Poly(phenylene vinylene) Nanoparticles by Aqueous Metathesis 
Polycondensation 

3.1 Introduction 

Poly(p-phenylene vinylenes) (PPVs) are probably the most widely studied class of conjugated 

polymers due to their potential utilization as active components in the design of organic and 

polymer light emitting diodes (OLED / PLED).15 The following introduction provides a brief 

overview of the numerous elaborated synthetic routes towards PPV, the current state of the art 

with respect to nanoparticles of PPV, and issues associated with metathesis in aqueous 

systems. 

3.1.1 Synthetic Routes to Poly(phenylene vinylene) 

Poly(p-phenylene vinylenes) (PPVs) can be synthesized via numerous routes based on post-

polymerization reactions of precursor polymers or direct polymerization to PPV. 

Traditionally, PPVs have been synthesized via base-catalyzed polycondensation of 1,4-

bis(halomethyl)benzenes, which is known as the Gilch route, introduced by Gilch et al. in 

1966.230 This method has later on been modified by variation of the solvent231 and the base232 

to yield soluble substituted PPV derivatives. The commonly accepted basic reaction 

mechanism is depicted in Scheme 5. However, decisive details on the reaction mechanism are 

still matter of debate and under active investigation.233 

 

Scheme 5. Mechanism of the Gilch reaction to PPV. 

 

 

The most widely used multistep synthetic procedure for PPV through soluble precursors is the 

so-called Wessling-Zimmermann method (Scheme 6).234 This method involves the base-

catalyzed aqueous polymerization of para-xylylene bisdialkyl sulfonium salts resulting in a 

soluble precursor polymer which can then be transformed into PPV by a thermal elimination 

process. 



Poly(phenylene vinylene) Nanoparticles by Aqueous Metathesis Polycondensation 

 35 

Scheme 6. Wessling-Zimmermann precursor route to PPV.  

 

CH2XXH2C S2nn

X = Cl or Br

n

S

S X

X

S nX

base

nRO

ROH

n

- ROH-HX
S

T T

 

 

However, such precursor-polymer-based syntheses typically suffer from ill-defined molecular 

structures due to structural defects arising from incomplete thermoconversion, interrupting the 

conjugated polymer backbone. The method has also been adapted for non-aqueous systems by 

synthesizing an appropriate non-ionic precursor polymer,235 the so-called sulphinyl precursor 

route, which yields superior purity materials.236-237 Recently, this method has been further 

simplified by introduction of the dithiocarbamate route, where an optionally substituted 

dithiocarbamate monomer is polymerized to the respective precursor polymer which is then 

thermoconverted to PPV.238 In a related fashion, PPV can also be synthesized by chemical 

vapour deposition polymerization (CVDP) of 1,4-bis(halomethyl)benzene or of 

dichlorocyclophane, which are pyrolyzed in the gas phase to form reactive intermediates 

undergoing addition polymerization to a precursor polymer which is subjected to 

dehydrochlorination resulting in PPV. This procedure allows for the deposition of thin films 

on arbitrary-shaped substrates, with the restriction, that the substrate must be temperature 

insensitive.239 

A direct access from the monomers to PPV is provided by the Horner condensation 

polymerization (Scheme 7).240 The synthetic strategy is based on step-growth polymerization 

through PO-activated olefination of (substituted) terephthalaldehydes with dialkoxy-

substituted bis(phosphonates). This method further allows for simple preparation of a broad 

range of copolymers by choosing appropriate monomers.241-242 
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Scheme 7. Horner condensation polymerization to PPV. 

 

 

 

A further synthesis of PPV providing direct access to the vinylic double bond is Knoevenagel 

condensation, which envolves the polymerization of an optionally substituted 

terephthalaldehyde and an optionally substituted 1,4-diacetonitrilebenzene, resulting in 

poly(cyano terephthalylidenes), a PPV derivative exhibiting cyano groups on the vinylic 

double bonds (Scheme 8).243 The introduction of an electron-withdrawing cyano group to the 

conjugated π-system of the polymer backbone increases the electron affinity of the polymer 

by lowering the energy of the LUMO, which is favorable in the design of electroluminescent 

devices.244 However, the reaction conducted under standard conditions in a 1:1 v/v mixture of 

THF and tert-butyl alcohol in the presence of excess strong base suffers from side reaction 

such as cross linking, yielding insoluble material. Recently, it has been shown that transition 

metal catalysis of the Knoevenagel condensation instead of base catalysis is advantageous 

over the traditional method in terms of milder and neutral reaction conditions in a variety of 

solvents.245 

 

Scheme 8. Knoevenagel condensation polymerization to PPV. 

 

 

Double bonds can also be constructed by various transition metal catalysed cross coupling 

reactions. For the synthesis of PPV, Pd-catalyzed Heck cross-coupling, Stille cross-

coupling,246-247 and Suzuki cross-coupling have been successfully applied. Such methods 

typically tolerate a wide range of substituents on the monomeric units. The Heck-coupling has 

been proven to generate material with a high all-trans configuration of the vinylic double 

bonds and allows for various synthetic strategies towards PPV (Scheme 9).248-249 
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Scheme 9. PPV accessed by Heck cross-coupling. 

 

 

 

Suzuki cross-coupling of trans-1,2-dibromoethylene and (optionally substituted) benzene-1,4-

diboronic acids yields PPV with biaryl defects originating from homocoupling of 

aryldiboronic acids.250 This can obviously be overcome by cross-coupling of vinylboronic 

acids with para-halogenated benzenes (Scheme 10b).251 

 

Scheme 10. PPV accessed by Suzuki cross-coupling. 

 

 

Olefin metathesis proved to be a further suitable reaction to access PPV. With respect to the 

aforementioned synthetic approaches to PPV, the transition metal catalyzed coordination 

polymerization provides the characteristic feature of requiring only a single component as a 

starting compound and forming few or no side products. Grubbs et al. established precursor 

routes to PPV based on ring opening metathesis polymerization (ROMP) of substituted 

bicycle[2.2.2]octadienes252 or 2,3-dicarboxybicyclo[2.2.2]octa-2,5,7-triene253 yielding 

unsubstituted or carboxylated PPV, respectively (Scheme 11). The two methods involve a 
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thermal elimination step and a chemical oxidation without elimination of the functional 

groups, respectively. The molybdenum-based carbene catalyst employed could be tuned by 

the addition of hexafluoro-tert-butanol to perform the polymerization in a living fashion. Both 

methods provide all-trans configured vinylic double bonds. 

 

Scheme 11. ROMP precursor route to PPV. R is methyl or tert-butyl, DDQ is 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone. 

 

 

ROMP also provides direct access to PPV via polymerization of [2.2]paracyclophane-1,9-

diene with a well defined tungsten carbene complex as a catalyst precursor (Scheme 12).254 A 

soluble material containing PPV sequences can be obtained by ROMP copolymerization with 

1,5-cyclooctadiene.255-256 Soluble PPV homopolymer has been realized by ROMP of 

substituted [2.2]paracyclophane-1,9-dienes with ruthenium carbene catalyst precursors in a 

living polymerization fashion, however, the monomer synthesis is very complex.257 The 

material obtained has regularly alternating cis and trans vinylene linkages and can be 

transformed into the all-trans configuration upon UV light irradiation in solution.258 

Molecular weights are on the order of 100 kDa and in the same range as PPV prepared via the 

Gilch method. 

 

Scheme 12. ROMP of [2.2]paracyclophane-1,9-diene. R is H or alkoxy. 
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A very versatile metathetic synthesis of PPV is acyclic diene metathesis (ADMET) 

polycondensation, providing direct access to the conjugated structure (Scheme 13).259-261 As is 

the case for ROMP, only a single compound is necessary as a starting material, (substituted) 

divinyl benzene (DVB), which is in general available much easier then the respective 

monomers for ROMP, but, needs to be of essentially high purity to yield high conversions. 

PPV substituted by various (optionally branched) alkyl or alkoxy side chains has been 

prepared by ADMET polymerization with molybdenum and ruthenium-based carbene catalyst 

precursors, the former being preferential for alkoxy substituted divinylbenzenes,262 the latter 

being preferential for alkyl substituted divinylbenzenes.263 Even though all reported work has 

been carried out under strictly inert conditions in terms of rigorous exclusion of moisture and 

air, molecular weights of the polymers are limited and are currently at most 100 kDa for alkyl 

substituted derivatives (2-ethylhexyl substituents, DPn = 330)264 and 7 kDa for alkoxy 

substituted derivatives (decyloxy substituents, DPn = 17),265 respectively. Furthermore, such 

high molecular weight materials are only accessible by polymerization in vacuo requiring 

high boiling-point solvents like 1,2,4-trichlorobenzene, that is under harsh conditions. 

However, ADMET polycondensation of divinylbenzenes has the advantage of providing 

defect-free, all-trans PPV.260,263 ADMET polymerization of substituted DVB was 

accomplished in the solid state starting the polymerization in the melt of neat monomer.266-267 

 

Scheme 13. PPV via ADMET polycondensation. R is H, alky or alkoxy substituent. 

 

 

 

3.1.2 Poly(phenylene vinylene) Nanoparticles 

Nanoparticles of PPV and its derivatives are accessible via typical nanoparticle preparation 

methods (cf. section 1.1.1), namely the post polymerization emulsion technique, the 

precipitation technique and the polymerization in heterophase systems. First reports of 

aqueous dispersions of PPV-type polymer nanoparticles date to 2005. MEH-PPV (12a) 

nanoparticles were generated by miniemulsification46 and reprecipitation55 of a polymer 

dissolved in an organic solvent, respectively.  
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The post polymerization emulsion technique has been utilized to prepare various substituted 

PPV nanoparticles stabilized by anionic or non-ionic surfactants, as summarized in Table 4 

(see Scheme 2 for polymer molecular structures). These dispersions exhibit average particle 

sizes ranging from 13 to 100 nm and polymer solids contents up to 6 wt.-%. Typical 

surfactant concentrations are below 0.5 wt.-%, but in some cases nonetheless exceed by far 

the amount of conjugated polymer. 

 

Table 4. Characteristic data of substituted PPV nanoparticles prepared via post 

polymerization miniemulsification (cf. Scheme 2 for numbering of polymers). 

polymer particle 
size  
(nm) 

polymer solids 
content  
(wt.-%) 

Mw × 103  
 

(g mol-1) 

surfactant type surfactant 
concentration  

(wt.-%) 

ref. 

12a 90 4 - 6 - SDS 0.25 46 

12a 100 0.166 - SDS 0.50 268 

12a 100 0.066 - PEG8000 0.132 268 

12b 13 0.0016 30 PEG8000 0.37 51 

12a 75 0.0043 70 PEG2000-PEa, 
DPPCb 

0.05 52 

12b 60 0.0043 30 PEG2000-PEa, 
DPPCb 

0.05 52 

12c 60 - - SDS 0.25 50 

a 1,2-Diacyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000].  
b 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine. 

 

Most PPV nanoparticles reported and characterized in literature have been prepared via the 

reprecipitation method. The reprecipitation method, as is the case for the post polymerization 

emulsion technique, principally allows for nanoparticle formation of any polymer derivative 

which is soluble in an organic, water-miscible solvent. Though, MEH-PPV (12a) is the only 

PPV derivative subjected to nanoparticle formation by the reprecipitation method so far. 

Particle sizes are tunable over a broad range (cf. Table 5) via the amount and the 

concentration of the organic polymer solution, which is injected into the aqueous phase while 

ultrasonicating the mixture. Upon addition of the polymer solution to the aqueous phase, 

which is a non-solvent for the polymer, the organic solvent dissolves in water and the polymer 

immediately precipitates resulting in an aqueous polymer dispersion without the utilization of 
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surfactants. The organic solvent is then distilled off. Under appropriate preparation 

conditions, MEH-PPV nanoparticles may consist of only a single polymer chain.55,68,141 As 

obvious from Table 5, aqueous dispersions of conjugated polymer nanoparticles prepared by 

the reprecipitation method typically exhibit extremely low solids contents. 

 

Table 5. Characteristic data of MEH-PPV (12a) nanoparticles prepared by the 

reprecipitation method. 

Mw × 103 (g mol-1) particle size (nm) polymer solids content (ppm) ref. 

200 5 – 30a 5 – 25a 55-57,128,140 

186 20 - 200 46.5 68 

100 50 - 70 10 133 

260 5 - 13 5 132 

2600 25 0.65 – 0.00065a 141 

100 n.d. n.d. 136 

a Adjustable by varying the preparation conditions. 

 

Only most recently, a method closely related to the reprecipitation technique was reported for 

the preparation of a dispersion of nanoparticles of unsubstituted PPV, employing a precursor 

route. Shimomura et al. generated nanoparticles of a water-soluble PPV precursor polymer by 

adding an ionic liquid, which by itself is a poor solvent, to an aqueous polymer solution and 

evaporating the water.66 The high boiling point of the ionic liquid allowed for the subsequent 

thermal conversion of the precursor polymer to poly(p-phenylene vinylene) in the form of 

nanoparticles. The molecular weight of the polymers and the issue of colloidal stability 

remain to be addressed. 

The direct synthesis of PPV nanoparticles by polymerization in heterophase systems has been 

reported very rarely. Most recently, the preparation of cyano-substituted poly(phenylene 

vinylene)s by base-catalyzed Knoevenagel polymerization243-244 in aqueous emulsion (cf. 

Scheme 8 for polymer molecular structures, R1 = R2 = R3 = R4 = H; or R1 = R2 = OC8H17 and 

R3 = R4 = H) was reported.229 Due to the insolubility of the products in organic solvents, the 

molecular weights and functional group conversions were not accessible. The fluorescent 

particles, stabilized by non-ionic surfactant (Tween 80), possess sizes around ca. 50 nm 

according to DLS and TEM. They were found to be colloidally stable also in serum. 
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Cadmium selenide nanoparticles with oligo(phenylene vinylene)s on their surface have been 

generated by Heck-coupling of a divinyl benzene and dibromobenzene (both substituted with 

octyl groups) in the presence of cadmium selenide particles susbstituted with aryl bromide-

functionalized phosphine oxide. This approach results primarily in phenylvinylene trimers and 

tetramers on the particle surface. These particles were found to be dispersed in a poly(2,5-

dioctyl-p-phenylene vinylene) matrix in an essentially non-aggregated fashion. By contrast, 

pyridine covered quantum dots aggregated in this matrix.138 Cadmium selenide particles 

substituted with oligo(phenylene vinylene)s were prepared also employing a single AB 

monomer, 1-bromo-2,5-di-n-octyl-4-vinylbenzene, rather than the aforementioned A2 + B2 

approach.139 Composite particles with an organic shell of molecules of defined molecular 

weight were generated by exchange of pyridine ligands from quantum dots for 

olgo(phenylene vinylene) tetramers with phosphine oxide endgroups, which bind to the 

cadmium selenide surface.269 

3.1.3 Metathesis in Aqueous Media 

Olefin metathesis is amongst the most versatile tools in organic chemistry for C-C double 

bond formation.270-271 Traditionally, as usual for transition-catalyzed coordination reactions, 

methathesis, whether ring opening metathesis polymerization (ROMP), ring closing 

metathesis (RCM), cross metathesis (CM) or acyclic diene metathesis (ADMET), have been 

carried out in homogenous organic phase under inert conditions to prevent catalyst 

decomposition of the well-defined hydrophobic Schrock-type (Mo) or Grubbs-type (Ru) 

alkylidene catalyst precursors. In the last decade more and more interest arose to perform 

metathesis reactions in aqueous phase with regard to working in a supposedly environmental 

friendly system, but also with respect to converting water soluble substrates and using ROMP 

for aqueous polymer latex syntheses. Attempts to transfer the reaction system into aqueous 

medium utilize well-defined ruthenium alkylidene catalyst precursors, as late transition 

metals, like ruthenium, are in principal less oxophilic and should be more tolerant towards 

moisture and air than for example molybdenum. The most popular ruthenium alkylidene 

complexes for metathesis are depicted in Scheme 14. 
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Scheme 14. Commercially available ruthenium alkylidene metathesis catalyst precursors. 

 

 

 

The Grubbs first generation metathesis catalyst 29 is characterized by its two phosphine 

ligands.272 Catalyst precursor 30, the so-called Grubbs second generation metathesis 

catalyst,273-274 bears an N-heterocyclic carbene (NHC) ligand and an additional phosphine 

ligand, whereas the Hoveyda-Grubbs second generation metathesis catalyst 31 is a phosphine 

free complex with a κ-O-coordinating ortho-isopropoxy benzylidene ligand.275-276 The 

introduction of an NHC ligand significantly enhances the catalytic activity and the isopropoxy 

benzylidene unit renders the catalyst precursor more stable towards air and moisture. Catalyst 

precursors of type 31 were found to be stable in water over prolonged periods of time.277 

Historically, metathesis in water has first been investigated with ruthenium-based in situ 

catalysts performing ROMP of oxanorbornene derivatives.278-279 A well-defined modified 

catalyst precursor of type 29 rendered water soluble by introducing water soluble phosphine 

ligands was reported several years later.280 Even though these catalyst precursors were found 

to be highly air-sensitive and to decompose rapidly in water,281 ROMP of functionalized 

norbornene derivatives was readily accomplished in a living fashion in aqueous solution,282 

and even with unmodified hydrophobic catalyst precursor 29 in a miniemulsion system to 

yield a polymer latex.179-180,283 However, these catalysts fail in RCM of α,ω-dienes as is the 

case for CM of terminal olefins.281,284 This is attributed to the fast decomposition of the 

ruthenium methylidene complex, which is the catalytically active species in RCM and CM, 

supported by the fact, that non-terminal olefins, prohibiting the formation of the methylidene 

species, could be cyclised and inter converted to a certain extent. Note that for ROMP, once 

initiated, the catalyst does not leave the growing polymer chain such that there is no 

methylidene species present in the system at any time. 

Stability-enhanced catalyst precursors of type 31 have been investigated in demanding 

metathesis reactions in aqueous media, such as RCM and CM, being attached to a solid 

support. This heterogeneous catalyst performs RCM and CM relatively efficient with selected 
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substrates.285 Later, water-soluble catalyst precursors have been synthesized by attaching a 

PEG chain at the NHC ligand. They promote the ROMP of water soluble norbornene 

derivatives.286 Recently, several publications appeared reporting RCM in water as the ‘only 

solvent’ (meaning under abdication of any organic solvent in the system), which, however, all 

deal with heterogeneous highly disperse systems (vide infra). Water-insoluble hydrophobic 

substrates (and eventually catalyst precursors) are dispersed as small droplets in water,287 

stabilized by various supramolecular additives288-290 or by amphiphilic catalyst precursors291 

derived from attaching an amphiphilic polymer chain at the isopropoxy benzylidene 

ligand.292-293 However, the benzylidene ligand is cleaved from the ruthenium center upon the 

initiation step such that the catalyst precursor looses its amphiphilic moiety, thereby is 

rendered hydrophobic and released into the neat substrate droplet. Thus, the RCM reaction 

occurs inside a droplet consisting of neat substrate, which can be considered as nano- or 

micron-sized bulk phase surrounded by water and protected by supramolecular stabilizers. It 

remains questionable weather any precise conclusions on catalyst stability and activity with 

respect to RCM in water can be made from these studies. Further, the advantages of such 

systems over RCM in bulk phase are not evident, keeping in mind that reactions in emulsions 

or dispersions are usually used for polymerization reactions aiming at polymer particle 

syntheses, which is not feasible with RCM. 

During the course of this thesis, first examples of homogeneous RCM and CM in water 

appeared. Water-soluble derivatives of the Hoveyda-Grubbs second generation metathesis 

catalyst precursor (31) convert water-soluble α,ω-dienes and terminal olefins via RCM and 

CM, respectively, in good to excellent yields in pure water.277,294 

Olefin metathesis with ruthenium-based catalyst precursors 29 and 30 has also been realized 

in supercritical water. The cross metathesis of 1-octene was found to proceed in supercritical 

water in high yields and roughly 200 times faster than in conventional organic solvents.295 

3.2 Metathesis of 2,5-Dialkoxysubstituted Divinylbenzenes 

3.2.1 Syntheses of 2,5-Dialkoxysubstituted Divinylbenzenes 

Substituted divinyl benzenes carrying various alkoxy substituents in para position were 

synthesized as monomers for a subsequent ADMET polycondensation. 1,4-Dipropoxy-2,5-

divinylbenzene (DPO-DVB) (32) was chosen as starting compound for investigation of 

ADMET polymerization. The compound was synthesized by a three step procedure depicted 

in Scheme 15, starting from hydroquinone. A standard Williamson ether synthesis with n-
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propyl bromide afforded 1,4-dipropoxy benzene in a good yield of 75 %, which was then 

ortho-iodinated with iodine monochloride in cold methanol to yield 1,4-diiodo-2,5-dipropoxy 

benzene in 44 %.296 This compound was completely converted to 32 by a subsequent Heck-

reaction with ethylene, which was modified from literature.297 However, due to difficulties in 

product isolation, the isolated yield was limited to 82 %. Utilization of palladium 

bis(dibenzylideneacetone) as catalyst precursor and tri-tert-butlyphosphine tetrafluoroborate 

as phosphine ligands in combination with the sterically demanding base dicyclohexyl methyl 

amine in dioxane provides a highly reactive system for Heck-coupling.298-301 An ethylene 

pressure of at least 30 bar was necessary to prohibit oligomerization of phenylvinylenes. The 

presence of enough 2,6-di-tert-butyl-4-methylphenol (BHT) during the Heck reaction is 

crucial to inhibit radical polymerization of the vinylic double bonds. 

 

Scheme 15. Synthesis of 1,4-dipropoxy-2,5-divinylbenzene (DPO-DVB) (32). 

 

 

1,4-Di-(2-ethylhexyloxy)-2,5-divinylbenzene (DEHO-DVB) (33) was synthesized in a similar 

manner as monomer 32 in 85 % yield. (cf. Scheme 16). The longer and branched alkyl chain 

of the substituent was intended to provide the resulting polymer with a higher solubility and a 

reduced crystallinity.  
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Scheme 16. Synthesis of 1,4-di-(2-ethylhexyloxy)-2,5-divinylbenzene (DEHO-DVB) (33). 
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The unsymmetrically substituted monomer methoxy-4-(2-ethylhexyloxy)-2,5-divinylbenzene 

(MEH-DVB) (34) was again obtained via a three step synthesis, starting from 4-

methoxyphenol, which was reacted with 2-ethylhexyl bromide according to literature to 

afford methoxy-4-(2-ethylhexyloxy) benzene in a yield of 70 % (cf. Scheme 17).302 The 

subsequent iodination led to a 90/10 mixture of di- and monoiodinated compounds, which had 

to be separated by preparative HPLC. After the adjacent Heck reaction, monomer 34 was 

isolated in 63 % yield. 

 

Scheme 17. Synthesis of methoxy-4-(2-ethylhexyloxy)-2,5-divinylbenzene (MEH-DVB) 

(34). 
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In all cases monomer purity is of major importance for the subsequent ADMET 

polycondensation, which is a step-growth polymerization requiring high functional group 

conversion to result in high molecular weight polymers according to Carothers’ equation. A 

high monomer purity was attained for compound 32 via several recrystallization steps, for 

compound 33 via traditional column chromatography and for compound 34 via HPLC. 

Monomer purity was checked by GC-MS and evidenced to be at least 95 %; in the case of 

HPLC purification to be > 99 %. 

3.2.2 Metathesis of 1,4-Dipropoxy-2,5-divinylbenzene in Organic Phase 

Polymerization of 1,4-dipropoxy-2,5-divinylbenzene (DPO-DVB) (32) (Scheme 18) was 

initially studied in homogeneous organic phase, under exclusion of moisture and air. 

Throughout the whole work, [(PCy3)(η-C-C3H4N2Mes2)Cl2Ru=CHPh] (30, “Grubbs second 

generation”), which has been utilized previously in ADMET polymerization of 

divinylbenzenes,265-266 and [(η-C-C3H4N2Mes2){ κ2-C,O-=CH-o-(iPrO)C6H4}RuCl2] (31, 

“Hoveyda-Grubbs second generation”) were studied as catalyst precursors (for molecular 

structures cf. Scheme 14). 

 

Scheme 18. ADMET polycondensation of DPO-DVB (32) with catalyst precursors 30 or 31. 

 

 

 

Typically, the polymerization was carried out in a Schlenk tube sealed with a rubber septum 

on a micromolar scale based on 300 µmol of 32 in 1 mL of a degassed and rigorously dried 

organic solvent for 24 h at 50 °C under dynamic vacuum at a reduced pressure of 750 mbar. 

Ethylene gas is thereby removed from the reaction system to shift the equilibrium to the 

product side. After the appropriate reaction time, the reaction was quenched with an excess of 

ethyl vinyl ether (EVE), which cleaves the active catalyst from the polymer chain, resulting in 

a vinyl end group of the polymer and a metathetically inactive Fischer carbene.303-304 Products 



Poly(phenylene vinylene) Nanoparticles by Aqueous Metathesis Polycondensation 

 48 

were isolated by precipitation in excess methanol and subsequent filtration. In this procedure, 

any unreacted monomer would be removed (and also low molecular weight oligomers to 

some extent). 

Table 6. Polymerization of DPO-DVB (32) with catalyst precursors 30 and 31 in toluene. 

entry catalyst monomer/catalyst t (h) Mn ×103  

(g mol-1)a 

DPn
b yield (%)c 

1 30 30 24 2.2 10 60 

2 31 30 24 2.8 13 >95 

3 31 60 24 2.0 9 84 

4 31 120 24 1.5 7 77 

5 31 60 72 2.4 11 >95 
a From 1H NMR spectroscopic quantification of end groups, as the polymer is not soluble in 

THF for GPC. b Degree of polymerization. c Isolated yield, obtained after workup by 
precipitation in methanol. 

 

Table 6 summarizes the polymerization results of the ADMET polycondensation of DPO-

DVB in toluene with catalyst precursors 30 and 31. The Hoveyda-Grubbs second generation 

catalyst precursor (31) was found to afford much higher conversions and higher polymer 

molecular weights (entries 1 and 2). Reducing the catalyst loading resulted in a decrease of 

polymer molecular weights and yields (entries 2 to 4). This indicates that under these 

conditions molecular weights are not limited by the unreactive end groups originating from 

the (monofunctional) aryl-alkylidene moiety of the catalyst precursors (vide infra), but rather 

to limited conversions due to a slow and incomplete reaction. Increased reaction time resulted 

in a substantially increased yield and somewhat higher molecular weight (entries 3 and 5). 

Monomer purity in terms of the bifunctionality of the monomers certainly is a very critical 

issue for obtaining high molecular weight polymers in a step-growth reaction like the 

ADMET polycondensation.  

Even when assuming a monomer purity of 100 %, the system resulting in the highest polymer 

molecular weight (entry 2) with a monomer / catalyst ratio of 30 contains 3.23 % mono-vinyl-

functional compound originating from the catalyst precursors. This translates to a monomer 

purity of 96.8 %. The aryl-alkylidene moiety of the catalyst precursors is connected to a 

monomeric unit upon the initiation step, as can easily be rationalized considering the ADMET 

reaction mechanism depicted in Scheme 19. These considerations assume complete initiation 

of the catalyst precursor (vide infra). 
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Scheme 19. Reaction mechanism of the ADMET polycondensation of dialkoxy-substituted 

divinyl benzenes with m ≥ 0 and n ≥ 0. 
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The initiation step occurs between catalyst precursor, A, and monomer, B, with X being a 2-

isopropoxy phenyl residue (inactive chain end), Y being a vinyl group (active chain end), n = 

0 and m = 1, resulting in compound C and the catalytically active ruthenium methylidene 

species. Compound C consists of the benzylidene moiety of the catalyst precursor and a 

monomer entity, thus providing only one reactive vinyl double bond, which allows the 

compound to reenter the catalytic cycle at any time so that the benzylidene moiety will end up 

as terminal group of a minor portion of polymer chains. The presence of the benzylidene 

moiety from the catalyst precursor as polymer end group is evident from 1H NMR 

spectroscopic investigations of the isolated polymer. The representative fully assigned 1H 

NMR spectrum of DPO-PPV prepared by ADMET polymerization with catalyst precursor 31, 

which is depicted in Figure 8, clearly exhibits the signal of the isopropoxy group of the 

benzylidene moiety as a doublet at around δ 1.3 ppm. Further, it is evident, that the major 

fraction of the polymer chains is terminated by free vinyl groups, appearing as doublets at δ 

5.70 ppm and δ 5.21 ppm and a doublet of doublets at δ 7.0 ppm. These results could 

additionally be confirmed by MALDI-TOF mass spectrometry, which revealed two distinct 

polymer populations (cf. Figure 9). The major portion of polymer chains (black) possesses 
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two vinyl end groups (H2C=CH-[p-{2,5-(nPrO)2C6H2}-CH=CH-]nH), and an additional small 

portion of chains contains one end group originating from the catalyst precursor 31 (red) (2-

(iPrO)C6H4-HC=CH-[p-{2,5-(nPrO)2C6H2}-CH=CH-]nH). Cycles have not been observed 

within experimental error. 
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Figure 8. 1H NMR spectrum (400 MHz, C2D2Cl4) of DPO-PPV from ADMET 

polymerization with 31 with assignments. The “iso“ signal corresponds to the isopropoxy 

group of the benzylidene moiety of 31, which represents an end group in a minor portion of 

chains (#: H2O; *: deuterated solvent). 
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Figure 9. MALDI-TOF mass spectrum of DPO-PPV from ADMET polymerization with 31. 

M = 901 + n × 218: H2C=CH-[p-{2,5-(nPrO)2C6H2}-CH=CH-]n+4H; M = 1035 + n ×218: 2-

(iPrO)C6H4-HC=CH-[p-{2,5-(nPrO)2C6H2}-CH=CH-]n+4H. 

 

Basic NMR studies confirm an efficient activation of catalyst precursor 31 in the ADMET 

polymerization of DPO-DVB (32). A toluene-d8 solution of 31 and 32 (5 equivalents) was 

warmed from -60 °C to 20 °C, monitoring the reaction by 1H NMR spectroscopy. The 

Ru=CH- resonance of 31 at δ 16.57 ppm decreased and disappeares, while a new signal at δ 

16.30 arises, assigned to Ru=CH-[p-{2,5-(nPrO)2C6H2}-CH=CHR] (R = H or polymer chain) 

(Figure 10). Simultaneously, the signals of the isopropoxy group of 31 at δ 4.32 ppm (1H, 

septet) and δ 1.29 (6H, doublet) decrease and disappear, while new signals at δ 4.17 ppm and 

δ 1.12 ppm, respectively, arise, indicating the cleavage of the 2-isopropoxy benzylidene 

moiety from the catalyst precursor 31 (Figure 11). This again accounts for an efficient 

incorporation of the (monofunctional) benzylidene moiety originating from the catalyst 

precursors into the polymer chain as inactive end group. 
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Figure 10. Alkylidene signals of a mixture of 31 and 32 (5 eq.) during acquisition. Spectra 1 

to 9 represent the temperature gradient from -60 °C to 20 °C in steps of 10 °C. Spectra 10 and 

11 corresponds to 7 h reaction time and 15 h reaction time at 20 °C, respectively. 

 

 

Figure 11. Signals of the isopropoxy group of 31 in a mixture of 31 and 32 (5 eq.) during 

acquisition. Spectra 1 to 9 represent the temperature gradient from -60 °C to 20 °C in steps of 

10 °C. Spectra 10 and 11 corresponds to 7 h reaction time and 15h reaction time at 20 °C, 

respectively. 

a) b) 
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Despite the confirmation of the incorporation of the benzylidene moiety of the catalyst 

precursors into the polymer as inactive chain end by 1H NMR spectroscopy and MALDI-TOF 

mass spectrometry, the polymerization results of DPO-DVB from Table 6 indicate, that the 

molecular weight is not limited due to this end capping effect. Decreasing molecular weights 

with increasing monomer / catalyst ratio, that is reduction of the catalyst loading and thereby 

reduction of the monofunctional benzylidene moieties, clearly support this conclusion. 

In that context it is worth mentioning that during the course of the reaction a certain part of 

the mixture precipitated, probably after reaching a certain molecular weight, which might 

affect the propagation of the reaction on the precipitated chains. To overcome solubility 

problems, the reaction was conducted in solvents providing a higher solubility for the 

resulting polymer. These are typically chlorinated solvents like tetrachloro ethane (TCE) and 

1,2,4-trichloro benzene (TCB), which further provide high boiling points, enabling the 

reaction at higher temperature and lower pressure, thereby shifting the equilibrium to the 

product side. Most recently, it has been demonstrated, that alkyl substituted divinyl benzenes 

can be converted into the respective high molecular weight polymers by ruthenium catalyzed 

ADMET polymerization, if the reaction is carried out in a high boiling solvent at highly 

reduced pressure.264 

Tetrachloro ethane proved to solubilise DPO-PPV with a molecular weight of Mn = 2.8 × 103 

g mol-1 (Table 6, entry 2). By adding catalyst precursor 31 to this polymer solution, the 

molecular weight could be increased via further polymerization of the telomeric polymer 

chains, proving that the free vinyl end groups of the polymer observed by 1H NMR 

spectroscopy and MALDI-TOF mass spectrometry are still reactive in ADMET 

polymerization. Therefore a 7.5 mM solution of DPO-PPV with a molecular weight of Mn = 

2.8 × 103 g mol-1 was reacted with 31 in a polymer / catalyst ratio of 10 in 1 mL of TCE at 50 

°C under a reduced pressure of 750 mbar for 24 h (Scheme 20). The molecular weight after 

the reaction was determined to be Mn = 7.2 × 103 g mol-1 by 1H NMR spectroscopy. 
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Scheme 20. Telomerization of DPO-PPV with catalyst precursor 31 in TCE. 

 

 

 

However, the direct synthesis of DPO-PPV from the monomer by ADMET polycondenation 

in a solvent providing high solubility for the resulting polymer was not successful, as evident 

from the polymerization results in Table 7. Under identical reaction conditions, the 

polymerization of 32 in TCE results in much lower molecular weight than the reaction in 

toluene. Catalyst activity seems to be drastically reduced in TCE as the isolated polymer yield 

decreased to 5 % (entry 2). Reducing the catalyst loading disrupted the reaction completely 

(entries 2 and 3). The polymerization in TCB also did not provide the expected results, 

however the yield was slightly improved relative to the polymerization in TCE. 

 

Table 7. Polymerization of DPO-DVB (32) with catalyst precursor 31 in various organic 

solvents.a 

entry solvent monomer/catalyst Mn ×103 (g mol-1)b yield (%)c 

1 toluene 30 2.8 >95 

2 TCE 30 1.5 5 

3 TCE 60 - - 

4 TCB 30 1.8 46 
a 300 µmol of 32; 1 mL of organic solvent; 50 °C; reduced pressure: 750 mbar; quenched 

with excess EVE. b From 1H NMR spectroscopic quantification of end groups, as the polymer 
is not soluble in THF for GPC. c Isolated yield, obtained after workup by precipitation in 
methanol. 

 

In summary, the ADMET polycondensation of 32 with ruthenium alkylidenes 30 and 31 in 

homogeneous organic phase proceeded best in toluene as a solvent. The monofunctional 

benzylidene moiety from the catalyst precursor is incorporated into the polymer as end group 

of a minor portion of polymer chains. This end capping effect however does not limit the 
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molecular weigh, which moreover is limited by solubility issues of the growing polymer 

chain. Thus, maximum molecular weights obtained with catalyst precursor 31 are in the range 

of 2.8 × 103 g mol-1, which roughly corresponds to a degree of polymerization of DPn = 12. 

3.2.3 Metathesis of 1,4-Dipropoxy-2,5-divinylbenzene in Aqueous 
Miniemulsion 

Polymerizations by metathesis can be accomplished either by ROMP or by ADMET. 

Although ROMP was successfully conducted in aqueous systems, an ADMET 

polycondensation has never been demonstrated in an aqueous system. Contrary to ROMP, 

which is a chain-growth polymerization, ADMET polycondensation is a step-growth 

polymerization which implicates that the catalytically active metal site leaves the growing 

chain after each addition of a repeat unit, such that a prolonged stability towards the 

surrounding medium of the metal species occurring during polymerization is necessary. In 

ADMET polycondensation with ruthenium alkylidenes, a ruthenium methylidene occurs as an 

active species, which is formed after each reaction step (cf. reaction mechanism in Scheme 

19). Ruthenium methylidenes are particularly susceptible towards decomposition by 

water.281,305 For ADMET polycondensation it is advised that even trace amounts of water 

should be excluded carefully.306 On the other hand, the fundamental reaction mechanism of 

the ADMET polycondensation is identical to that of RCM reactions, which, however, have 

been reported in ‘aqueous systems’.277,284,292,307-308 Detailed information on RCM in water are 

included in section 3.1.3. 

Prior to establishing a miniemulsion polymerization system, the tolerance of the ADMET 

polycondensation of 32 with ruthenium alkylidenes 30 and 31 towards the presence of water 

was studied in biphasic systems. Various amounts of degassed water were added to the 

reaction system in toluene at the very beginning of the reaction, which then occurred under 

vigorous stirring at 50 °C and a reduced pressure of 750 mbar over 24 h. 
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Table 8. Polymerization of DPO-DVB (32) in toluene / water biphasic systems.a  

entry catalyst V (H2O) (%) Mn ×103 (g mol-1)b yield (%)c 

1 30 - 2.2 60 

2 30 9 2.0 88 

3 30 20 1.8 66 

4 30 33 2.0 68 

5 30 66 - - 

6 31 50 2.0 87 

7 31 66 1.8 85 
a 300 µmol of 32; 1 mL of toluene; 50 °C; reduced pressure: 750 mbar; quenched with 

excess EVE. b From 1H NMR spectroscopic quantification of end groups, as the polymer is 
not soluble in THF for GPC. c Isolated yield, obtained after workup by precipitation in 
methanol. 

 

Both catalyst precursors 30 and 31 are able to polymerize DPO-DVB (32) in a biphasic 

solvent system consisting of toluene and water in good yields with molecular weights 

comparable to those obtained under inert conditions in homogeneous organic phase (Table 8). 

However, with increasing amount of water the yields decrease. Catalyst precursor 30 even 

fails at a water content of 66 vol.-% or higher, whereas catalyst precursor 31 still performs 

well under these conditions. These results already indicate that the ruthenium alkylidenes 30 

and especially 31 might be suitable as catalyst precursors for the ADMET polycondensation 

of divinyl benzenes in aqueous miniemulsion in order to obtain poly(p-phenylene vinylene) 

nanoparticle dispersions. 

An aqueous miniemulsion for ADMET polymerization of DPO-DVB (32) was prepared by 

miniemulsification of concentrated monomer and catalyst solutions in toluene. The saturation 

concentration for DPO-DVB in toluene was determined to be 0.85 mol L-1. Small amounts of 

the independently prepared concentrated toluene solutions of monomer and catalyst precursor, 

respectively, were injected simultaneously into an aqueous surfactant solution via syringe, as 

illustrated in Figure 12. The concentration of the surfactant was fixed at 1 wt.-% based on the 

amount of water, based on gained experience in emulsion polymerization. Immediately after 

injection of the reactive components, the reaction system was subjected to high shear-forces 

generated with an ultrasound sonotrode over a period of time of typically two minutes. 

Subsequently, the reaction was conducted under moderate stirring at slightly elevated 

temperatures of 50 °C, under a reduced pressure of 750 mbar, typically over 24 h.  
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Figure 12. Miniemulsification process. 

The ADMET polycondensation is expected to proceed inside the miniemulsion droplets, as 

the catalyst precursor is essentially lipophilic and soluble in toluene. Scheme 21 illustrates the 

ADMET polymerization of DPO-DVB (32) inside a miniemulsion droplet, acting as a 

nanoreactor. An osmotic agent, which is typically used in miniemulsions to prohibit Ostwald 

ripening of droplets is excluded here, as the polymer itself is essentially hydrophobic. In 

accordance, no coalescence or precipitation of the polymer was observed during 

polymerization. After quenching the reaction with excess ethyl vinyl ether, the mixture was 

stirred open to atmosphere for additional three days at 35 °C to remove residual organic 

solvent. Under these conditions, toluene is easily removed from an aqueous system by 

azeotropic evaporation. The removal of residual organic solvent is accompanied with a 

bathochromic color shift of the DPO-PPV nanoparticle dispersion from orange-red to bright-

red. Colloidally stable aqueous DPO-PPV polymer nanoparticle dispersions were obtained. 

In a typical experiment, 250 mg of DPO-DVB (32) were miniemulsified in 30 mL of a 1 wt.-

% aqueous surfactant solution to yield colloidally stable nanoparticle dispersions with a 

calculated polymer solids content of ca. 0.7 wt.-% after the expected complete conversion of 

monomer to DPO-PPV and after evaporation of toluene. The cationic surfactant 

dodecyltrimethylammonium chloride (DTAC) was found to be compatible with the catalyst 

and suited for colloidal stabilization of the nanoparticles formed. DTAC was preferred over 

the corresponding bromide salt (DTAB) to avoid potential anion ligand exchange reactions at 
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the active metal site. It has been shown that ruthenium alkylidenes having larger, less 

electronegative anionic ligands are less active than the parent dichloro substituted 

alkylidenes.281 By contrast, no polymerization occurred in the presence of the anionic sodium 

dodecyl sulphate (SDS) with either 30 or 31. It has previously been noted in ROMP of 

norbornene that the anionic surfactant SDS results in lower polymer yields than the cationic 

DTAB.283 

 

Scheme 21. ADMET polycondensation of DPO-DVB (32) with catalyst precursors 30 and 31 

in aqueous miniemulsion. 

 

 

 

Table 9 summarizes the polymerization results of the ADMET polycondensation of DPO-

DVB (32) with catalyst precursors 30 and 31 in aqueous miniemulsion. Lower polymer yields 

and molecular weights by comparison to the non-aqueous systems (Table 6) under otherwise 

similar conditions in terms of concentrations of reagents in the organic phase, temperature, 

and pressure may be attributed to partial catalyst decomposition. However, an increased 

reaction time resulted in some increase in polymer molecular weight and especially in yield, 

confirming that a part of the catalyst remains active for prolonged periods of time (entries 2 

and 3). 
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Table 9. ADMET polymerization of DPO-DVB (32) with catalyst precursors 30 and 31 in 

aqueous miniemulsion.a 

entry catalyst t (h) Mn ×103 (g mol-1)b yield (%)c particle size (nm)d 

1 30 24 1.1 56 300 

2 31 24 1.3 68 210 

3 31 168 1.5 80 230 
a Monomer / Ru = 100 molar ratio; n(Ru) = 10 µmol; 1.5 mL of toluene; 300 mg of DTAC; 

30 mL of degassed water; 2 min ultrasound (120 W); 50 °C; reduced pressure: 750 mbar. b 
From 1H NMR spectroscopic quantification of end groups, as the polymer is not soluble in 
THF for GPC. c Isolated yield, obtained after workup by precipitation in methanol. d Volume 
average particle size determined by DLS. 

 

Transmission electron microscopy (TEM) images of typical particles are depicted in Figure 

13. The nanoparticles are roughly spherical in shape and exhibit diameters of ca. 200 nm. In 

addition to isolated particles, many particles are also observed from which fiberlike structures 

originate. These appear helically twisted. PPV prepared by a postpolymerization synthesis 

from a polymeric precursor is known to possess a fibrillar structure, with a diameter of few 

tens of nanometers.309 The observed fiberlike structures can be assigned tentatively as DPO-

PPV fibers. 

  

Figure 13. TEM images of DPO-PPV nanoparticles.  

The particle size is further confirmed by dynamic light scattering (DLS), which shows a 

unimodal size distribution with a maximum of the volume average particle size at 200 nm 

(Figure 14). Increasing the amount of surfactant in miniemulsion polymerization or increasing 

the time of ultrasonication did not affect particle size. 
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Figure 14. Volume average particle size of aqueous DPO-PPV dispersions recorded by DLS. 

UV-vis absorption and fluorescence spectra of DPO-PPV nanoparticle dispersions are given 

in Figure 15. By comparison to chloroform solutions of the same polymer isolated from the 

aqueous dispersion and redissolved in chloroform, the absorption maximum is significantly 

blue-shifted, and a red tail is observed. This is in accordance with observations on a related 

PPV.55 The observed spectral shifts have been attributed to reduced conjugation length of the 

polymer back bone due to bends and kinks in the spacially restricted volume of the 

nanoparticle, and to increased intra- and intermolecular interactions in small amounts of 

highly ordered structures inside the particles, respectively. 
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Figure 15. Normalized absorption spectra and photoluminescence spectra (λexcitation = 

λabsorption, maximum) of DPO-PPV aqueous nanoparticle dispersions (a,d), and of DPO-PPV in 

chloroform solution (c = 0.5 mg L-1; b, c). 
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Figure 16. Normalized absorption and photoluminescence spectra (λexcitation = λabsorption, 

maximum) of an aqueous dispersion of DPO-PPV particles (a, d), and of a thin film cast from the 

particle dispersion (b, c). 
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The emission spectra of the DPO-PPV aqueous nanoparticle dispersion exhibits a strong red 

shift with respect to that of the polymer in chloroform, which is attributed to energy transfer 

to low-energy chromophores originating from chain-chain interactions. It has been shown that 

for particle sizes ≥ 10 nm, the emission spectra correspond to the spectral properties of the 

solid bulk material.55 In accordance, similar fluorescence spectra are observed for the particle 

dispersion and for a thin film prepared from the dispersion by spin-casting (Figure 16), 

indicating that the nanoparticles of the aqueous dispersion exhibit bulk spectral properties of 

the solid material. The large Stokes shift, which is observed for both the aqueous nanoparticle 

dispersion and the solid thin film, is commonly attributed to energy transfer to low-energy 

chromophores and weakly fluorescent aggregates. 

Thin films of the conjugated polymer can easily be prepared by simple spin casting of the 

aqueous nanoparticle dispersions. The material can also be processed by simple ink-jet 

printing, enabling fluorescent lateral structures of any desired pattern. For good printability, 

the surfactant concentration of the aqueous dispersion was increased to 2 wt.-% and glycerol 

was added at an amount of 5 wt.-%. Printed patterns were obtained with a commercial 

desktop ink-jet printer, by filling the aqueous nanoparticle dispersion into the cartridge. A 

typical pattern printed with a DPO-PPV aqueous nanoparticle dispersion is depicted in Figure 

17.  
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Figure 17. DPO-PPV aqueous nanoparticle dispersion (a), and image obtained by ink-jet 

printing (b). 

3.2.4 Metathesis of 1,4-Di(2-ethylhexyloxy)-2,5-divinylbenzene 

As outlined above, the ADMET polycondensation of DPO-DVB with ruthenium alkylidenes 

as catalyst precursors in toluene proved to yield oligomeric materials limited in molecular 

weights due to their very limited solubility in the reaction medium resulting in precipitation 

during the polymerization upon reaching a certain degree of polymerization. These problems 

might be overcome by introduction of appropriate longer chain substituents to the monomer, 

which will enhance the solubility of the resulting poly(phenylene vinylene) in the organic 

phase and at the same time will impede the crystallisation of the material due the branches in 

the substituents. Therefore, the ADMET polycondensation was studied with the monomer 

1,4-di-(2-ethylhexyloxy)-2,5-divinylbenzene (DEHO-DVB) first in homogeneous organic 

phase, then also in aqueous miniemulsion. The molecular structure of DEHO-PPV is depicted 

in Figure 18 together with a 1H NMR spectrum with full assignements. 

Table 10 summarizes the polymerization results of DEHO-DVB in toluene under inert 

conditions with catalyst precursor 31, which proved to be better suited for ADMET 

polycondensation of alkoxy substituted divinyl benzenes (cf. section 3.2.2) then 30. 

a) b) 
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Table 10. Polymerization of DEHO-DVB (33) in toluene.a 

entry catalyst monomer /  

catalyst 

t (h) Mn ×103  

(g mol-1)b 

Mn ×103  

(g mol-1)c 

DPn
d PDI e yield (%)f 

1 31 30 24 10 9.2 28 2.3 >95 

2 31 60 24 5 5.4 14 1.9 >95 

3 31 60 72 15 15.3 43 2.1 >95 
a 300 µmol of 32; 1 mL of toluene; 50 °C; reduced pressure: 750 mbar; quenched with 

excess EVE. b From 1H NMR spectroscopic quantification of end groups. c From GPC in THF 
at 40 °C vs. polystyrene standards. d Degree of polymerization from both, GPC and 1H NMR 
spectroscopic quantification of end groups. e Polydispersity index PDI = Mw / Mn. 

f Isolated 
yield, obtained after workup by precipitation in methanol. 

 

Under identical reaction conditions, as expected, the ADMET polycondensation of DEHO-

DVB (33) (Table 10, entry 1) results in higher molecular weight then the ADMET 

polycondensation of DPO-DVB (32) (Table 6, entry 2). The comparison of the absolute 

molecular weight, however, is misleading as the monomeric units differ in molecular weight. 

A comparison of the degree of polymerization is more reasonable, which are DPn = 28 for 

DEHO-PPV and DPn = 13 for DPO-PPV. 

Keeping in mind that with each molecule of catalyst precursor a benzylidene moiety capable 

of end capping growing polymer chains is introduced to the reaction system, molecular 

weights are expected to increase with reducing the catalyst loading. However, it is obvious 

from entry 3 that by reducing the catalyst loading and simultaneously increasing the reaction 

time, a further increase of molecular weight is obtained. This indicates, contrary to the 

ADMET polymerization of DPO-DVB, that the monofunctional isopropoxy styrene 

originating from the catalyst precursor 31 might contribute to a limiting effect of the 

molecular weights obtained by ADMET polycondensation of DEHO-PPV. However, the 

theoretical degree of polymerization assuming a complete reaction with two monofunctional 

endgroups per polymer chain, 

22):(, +⋅= RumonomerDP theorn  

which would be DPn, theor = 122 for a monomer to catalyst ratio of 60 (compare Table 10, 

entry 3), is not attained. 
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Figure 18. 1H NMR spectrum (400 MHz, CDCl3) of DEHO-PPV from ADMET 

polymerization with 31 with assignments (*: deuterated solvent). 

The molecular weights of the well soluble DEHO-PPV were determined by 1H NMR 

spectroscopic quantification of end groups and by GPC for verification and determination of 

the polydispersity indices. Values for Mn for both, NMR and GPC, are in good accordance. 
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The typically expected overestimation of the Mn of rigid rod polymers by GPC is not evident 

here. The PDI is around 2 as would be expected for step growth polymerizations according to 

Carothers’ equation. The maximum degree of polymerization of DEHO-PPV obtained from 

ADMET polycondensation under optimised reaction conditions (entry 3, DPn = 43) exceeds 

by far that of any alkoxy substituted PPV prepared via ADMET polycondensation with 

ruthenium alkylidenes reported in literature to date (DPn = 17).265 

The ADMET polycondensation of DEHO-DVB (33) with catalyst precursor 31 was further 

studied in aqueous miniemulsion under identical reaction conditions as given for DPO-DVB 

(32) in Table 9, except that the amount of toluene could be reduced to 1 mL due to the liquid 

nature of DEHO-DVB. Bright red, colloidally stable, aqueous nanoparticle dispersions of 

DEHO-PPV were obtained. Volume average particle size were determined to be 110 nm in 

diameter by DLS, which is only half of the size found for DPO-PPV nanoparticles originating 

from ADMET polymerization under identical conditions. The molecular weight of DEHO-

PPV prepared in the aqueous system was determined to 3.0 × 103 g mol-1, which corresponds 

to a degree of polymerization of DPn = 8 monomeric units. Although the molecular weights of 

DEHO-PPV from polymerization in homogeneous organic phase exceed those of DPO-PPV, 

polymerization in aqueous miniemulsion shows no significant differences for both monomers, 

DEHO-DVB (33) and DPO-DVB (32), and yields only oligomeric materials with DPn = 8 and 

DPn = 6, respectively. The limited molecular weight by comparison to the polycondensation 

in non-aqueous systems under otherwise similar conditions in terms of concentrations of 

reagents in the organic phase, temperature, and pressure may be attributed to partial catalyst 

decomposition. 

3.2.5 Metathesis of Methoxy-4-(2-ethylhexyloxy)-2,5-divinylbenzene 

In addition to DPO-DVB (32) and DEHO-DVB (33), MEH-DVB (34) was studied under 

analogous reaction conditions as an assymerically substituted monomer which would result in 

MEH-PPV, the prototype of PPV derivatives. However, there are no significant differences to 

the ADMET polycondensation of DEHO-DVB (33), neither in toluene, nor in aqueous 

miniemulsion, and no new insights into the reaction could be gained. Nonetheless, the 

polymerization results are briefly presented in the following paragraph. 

The ADMET polycondensation of MEH-DVB (34) in homogeneous toluene solution under 

inert conditions over 24 h with monomer / catalyst ratios of 30 and 60 results in MEH-PPV 

with a molecular weight of 5.3 × 103 g mol-1 and 3.0 × 103 g mol-1 in yields of >95 % and 76 
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%, respectively. The molecular weights were determined by GPC in THF vs. PS standards 

after polymer isolation by precipitation in excess methanol. 

Polymerization in aqueous miniemulsion was performed under identical reaction conditions 

as specified for DPO-DVB in Table 9, except that the amount of toluene could be reduced to 

1 mL due to the liquid nature of MEH-DVB. Orange-red, colloidally stable, aqueous 

nanoparticle dispersions of DEHO-PPV were obtained with volume average particle sizes of 

130 nm in diameter determined by DLS. The polymer could be isolated in a yield of 26 % and 

GPC revealed a molecular weight of 1.5 × 103 g mol-1, which corresponds to an oligomer with 

5 repeating units. 

3.3 Metathesis of 2,5-Dialkylsubstituted Divinylbenzenes 

In the preceding sections the successful polymerization of alkoxy substituted divinyl benzenes 

in aqueous miniemulsion with ruthenium alkylidene catalyst precursors to nanoparticles of the 

corresponding PPV derivatives with, however, limited molecular weights has been 

demonstrated. The active metal site of the catalyst is suspected of being stabilized by 

chelating κ-O coordination of the alkoxy moiety in alkylidene species formed from the 

monomer, similar to the coordination environment in the robust and moisture-insensitive 

catalyst precursor 31. It has been shown that alkoxy substituted divinyl benzenes are capable 

of M-O coordination in alkylidene species and therefore react slower in ADMET 

polycondensation than the corresponding alkyl substituted divinyl benzene.310 A limited 

molecular weight of DEHO-PPV from ADMET polymerization has been attributed to κ-O 

coordination in literature.264 

3.3.1 Synthesis of 2,5-Dialkylsubstituted Divinylbenzene 

The alkyl substituted divinyl benzene 1,4-di-(2-ethylhexy)-2,5-divinyl benzene (DEH-DVB) 

(35) was prepared according to Scheme 22 in a three step synthesis starting from 1,4-

dichlorobenzene. A standard Kumada-coupling with 2-ethylhexyl magnesium bromide 

afforded 1,4-di-(2-ethylhexyl)benzene in 67 % yield,311 which was ortho-iodinated with 

iodine and 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) 

(Selectfluor®) in acetonitrile.312-313 A product mixture of the diiodinated and the triiodinated 

compound was obtained, which was separated by preparative HPLC resulting in pure 1,4-di-

(2-ethyhexyl)-2,5-diiodobenzene in a yield of 80 %. A subsequent Heck-reaction with 
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ethylene afforded 1,4-di-(2-ethylhexyl)-2,5-divinylbenzene (35) in a yield of 82 % in a purity 

of 99.7 % as determined by GC-MS. 

 

Scheme 22. Synthesis of 1,4-di-(2-ethylhexyl)-2,5-divinylbenzene (DEH-DVB) (35). 

 

 

3.3.2 Metathesis of 1,4-Di(2-ethylhexyl)-2,5-divinylbenzene 

ADMET polymerization of DEH-DVB (35) was first studied in homogeneous organic phase 

in toluene under inert conditions with catalyst precursors 30 and 31. The polymerization 

results are summerized in Table 11 and a representative 1H NMR spectrum of a high 

molecular weight DEH-PPV with full assignments is depicted in Figure 19. The inset from the 

aromatic vinylic region (δ = 6.7 – 7.7 ppm) is taken from a low molecular weight polymer to 

provide a better signal resolution.  

Catalyst precursor 31 is more productive in ADMET polycondensation of the alkyl 

substituted monomer 35 then catalyst precursor 30 in terms of molecular weights, although 

the conversion seems to be complete in all cases. This can be rationalized considering the 

molecular structures of the catalyst precursors. Upon the initiation step, both catalysts release 

their initial benzylidene moieties so that there is no longer any κ-O coordination present in the 

reaction system. However, catalyst precursor 30 introduces a free phosphine ligand into the 

system which will compete with vinyl groups of the monomer for the free coordination site of 

the active metal species, thereby slowing down the reaction.  
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Table 11. Polymerization of 1,4-di-(2-ethylhexyl)-2,5-divinylbenzene (35) with catalyst 

precursors 30 and 31 in toluene.a 

entry catalyst monomer / 

catalyst 

t 

(h) 

Mn ×103 

(g mol-1)b 

Mn ×103 

(g mol-1)c 

DPn
d DPn

e PDIf yield 

(%)g 

1 30 30 24 5.0 n.d. 15 n.d. 1.9 >95 

2 31 30 24 8.2 n.d. 25 n.d. 2.3 >95 

3 30 60 24 5.5 3.3 17 10 1.9 >95 

4 31 60 24 34.5 23.8 106 73 2.6 >95 

5 30 60 72 6.7 4.6 20 14 2.0 >95 

6 31 60 72 34.5 17.0 106 52 2.7 >95 

7 31 120 72 6.9 n.d. 21 n.d. 2.1 >95 
a 300 µmol of 35; 1 mL of toluene; 50 °C; reduced pressure: 750 mbar; quenched with 

excess EVE. b From GPC in THF at 40 °C vs. polystyrene standards. c From 1H NMR 
spectroscopic quantification of end groups. d Degree of polymerization based on Mn from 
GPC in THF at 40 °C vs. polystyrene standards. e Degree of polymerization based on Mn from 
1H NMR spectroscopic quantification of end groups. f Polydisersity index PDI = Mw / Mn. 
g Isolated yield, obtained after workup by precipitation in methanol. 

 

Under identical reaction conditions, the polymerization of 35 results in higher molecular 

weight polymers then the polymerization of the corresponding dialkoxy substituted monomer 

33 (Table 11, entries 2, 4 and 6 vs. Table 10, entries 1 – 3, respectively). DEH-PPV with a 

molecular weight of 23.8 × 103 g mol-1 (DPn = 73) is obtained under optimized reaction 

conditions (entry 4). By reduction of the catalyst loading, an increase in molecular weight is 

observed (entries 2 and 4). This corresponds to the expected trend, as reducing the catalyst 

loading is equivalent to a reduction of the monofunctional styrene compound released from 

the catalyst precursor, which terminates growing polymer chains. The results indicate that the 

benzylidene moiety might have a limiting effect on molecular weights. Indeed, the maximum 

degree of polymerization obtained DPn, max = 73 (entry 4) is close to the theoretically 

attainable degree of polymerization DPn, theor, 

22):(, +⋅= RumonomerDP theorn  

which would be DPn, theor = 122 under these reaction conditions given, corresponding to a Mn 

of 40 × 103 g mol-1, under assumption of a monomer purity of 100 %. For the structurally very 

similar dialkoxy-substituted DEHO-PPV it has been shown in section 3.2.4 that Mn 

determined by 1H NMR spectroscopic quantification of end groups and GPC were in excellent 

accordance. In the case of DEH-PPV, however, molecular weights determined by GPC are in 
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general higher than those determined by NMR spectroscopy, which is in accordance with the 

typically expected overestimation of Mn of rigid rod polymers by GPC.  

At a fixed amount of catalyst, the polymerization of 35 is much faster then the 

polycondensation of the dialkoxy substituted monomer 33 and seems to be completed within 

24 h, indicated by stagnating molecular weights with increasing reaction time (Table 11, 

entries 4 and 6 vs. Table 10, entries 2 and 3). High molecular weight DEH-PPV from 

ADMET polycondensation with ruthenium alkylidene catalyst precursors has recently been 

reported in literature with a degree of polymerization of DPn = 330, which, however, is far 

beyond maximal attainable DPn, theor under the reaction conditions reported, assuming 

complete activation of the catalyst precursor, that is complete conversion to monofunctional 

endgroups.264 
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Figure 19. 1H NMR spectrum (400 MHz, CDCl3) of DEH-PPV from ADMET 

polymerization with 31 with assignments. The “iso“ signal corresponds to the isopropoxy 

group of the benzylidene moiety of 31, which represents an end group in a minor portion of 

chains (#: H2O; *: deuterated solvent). 

The ADMET polycondensation of DEH-DVB (35) was further studied in aqueous 

miniemulsion. Polymerization with the Grubbs second generation catalyst precursor (30) 

afforded colloidally stable, greenish nanoparticles dispersions with volume average particle 
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sizes of 110 nm in diameter and molecular weights of 2.0 × 103 g mol-1. Surprisingly, the 

Hoveyda-Grubbs second generation catalyst precursor (31) failed completely in ADMET 

polycondensation of the dialkyl substituted monomer 35 in the aqueous system. Note, that for 

polymerization of 35 in homogeneous organic phase, 31 is more productive then 30, which is 

hampered by its phosphine ligand competing with vinyl groups of the monomer for free 

coordination sites at the metal center (Table 11). The same accounts for the polycondenastion 

of dialkoxy substituted divinyl benzenes with catalyst precursors 30 and 31 (cf. section 3.2).  

Catalyst stability towards the surrounding aqueous medium is a critical issue and has been 

shown to be limited for the polymerization of dialkoxy substituted divinyl benzenes in 

aqueous miniemulsion, which resulted only in low molecular weight polymers (cf. section 

3.2.3). For the ADMET polycondensation of dialkyl substituted divinyl benzenes in aqueous 

media, the phosphine ligand of the Grubbs second generation catalyst precursor (30) seems to 

be crucial. This can be rationalized considering the catalyst resting state E, which is stabilized 

by coordination of the phosphine ligand to the active metal species D (Scheme 23). In case of 

ADMET polycondensation of dialkoxy substituted divinyl benzenes, this stabilization is 

provided by κ-O coordination of the alkoxy moiety of the monomer to the ruthenium center. 

Thus, both catalyst precursors promote the polymerization of dialkoxy substituted monomers 

in aqueous phase, whereas only catalyst precursor 30, providing a phosphine ligand, is able to 

polymerize dialkyl substituted divinyl benzenes in aqueous phase. 

 

Scheme 23. Stabilization of the catalyst resting state with the phosphine ligand of catalyst 

precursor 30. 

 

 

3.4 Metathesis of Unsubstituted Divinylbenzene in Aqueous Phase 

One motivation for the preparation of conjugated polymers in the form of aqueous 

nanoparticle dispersions is to overcome the difficulties in processing conjugated polymers, 

which are insoluble and infusible if not appropriately substituted. Nanoparticles of insoluble 

conjugated polymers are only accessible by polymerization in highly disperse systems (cf. 
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section 1.1.1). In that context, the ADMET polycondensation of divinylbenzene (36) was 

studied in aqueous miniemulsion with catalyst precursor 30 (catalyst precursor 31 failed in 

aqueous systems without the possibility of κ-O coordination for stabilization of the catalyst 

resting state, and therefore was not considered here; cf. section 3.3.2). 

1,4-Divinylbenzene (36) was prepared by a Heck-reaction of 1,4-diiodobenzene with ethylene 

in a yield of 86 % (Scheme 24). 

 

Scheme 24. Synthesis of 1,4-divinylbenzene DVB (36). 

 

 

 

DVB (36) was successfully polymerized via ADMET polycondensation with catalyst 

precursor 30 in aqueous miniemulsion. However, no colloidal stable dispersion could be 

obtained. The yellow nanoparticles with a volume average particle size of 400 nm settle down 

quickly upon switching off the stirrer. A further characterization of the material was 

hampered by its insolubility. Several attempts to convert PPV into a soluble polymer by 

hydrogenation of the double bonds, including hydrogenation with H2 Pd/C, failed.314 The 

obtained PPV gave no signals in MALDI-TOF mass spectrometry, even though laborious 

solvent free sample preparation methods were adopted.315-320 

3.5 Summary and Outlook on the Synthesis of Poly(phenylene vinylene) 
Nanoparticles 

Ruthenium catalyzed ADMET polycondensation of divinyl benzenes in aqueous 

miniemulsion proved to afford nanoparticles of the respective poly(p-phenylene vinylene)s. 

Particles consist of oligomeric material with limited molecular weight (DPn, max = 8) due to 

partial catalyst decomposition in the aqueous medium. Dialkoxy substituted divinyl benzenes 

are preferably converted by catalyst precursor 31, whereas dialkyl substituted divinyl 

benzenes are only converted by catalyst precursor 30 in the aqueous system. Colloidally 

stable, bright colored aqueous nanoparticle dispersions of substituted PPVs with particle sizes 

ranging from 100 to 200 nm in diameter were obtained (Figure 20). Table 12 summerizes the 
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polymerization results of the ADMET polycondensation of substituted divinyl benzenes in 

aqueous miniemulsion. 

Table 12. Polymerization of substituted divinyl benzenes in aqueous miniemulsion.a 

entry catalyst monomer Mn ×103 (g mol-1) DPn
b particle sizec (nm) 

1 31 32 1.3 6 210 

2 31 33 3.0 8 110 

3 31 34 1.5 6 130 

4 30 35 2.0 6 110 
a Monomer / Ru = 100 molar ratio; n(Ru) = 10 µmol; 1.5 mL (entry 1) or 1.0 mL (entries 2 

– 4) of toluene; 300 mg of DTAC; 30 mL of degassed water; 2 min ultrasound (120 W); 50 
°C; reduced pressure: 750 mbar. b Degree of polymerization c Volume average particle size 
determined by DLS. 

 

 

Figure 20. Colloidal stable aqueous nanoparticle dispersions of DPO-PPV (red) and DEH-

PPV (green). 

However, from an applications oriented point of view, PPV nanoparticles consisting of much 

higher molecular weight and smaller particle size would be desirable. Considering alternative 

synthetic routes to PPV without deviation via a precursor polymer (cf. section 3.1.1), it turns 

out that Suzuki-coupling would be compatible with aqueous systems.251 However, Suzuki-

coupling is an A2 + B2 step-growth polymerization type which will evoke stoichiometry 

issues in terms of monomer distribution in the highly disperse system, and which would 

require much more synthetic effort in monomer syntheses.  

Preliminary studies on the Suzuki-coupling of 1,4-bis-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl-ethenyl)-2,5-dihexyloxybenzene with 1,4-diiodo-2,5-di-(2-
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ethylhexyloxy)benzene in aqueous miniemulsion resulted in bright red nanoparticle 

dispersions with molecular weights of 5.1 × 103 g mol-1, which corresponds to a polymer with 

16 aromatic repeating units (Scheme 25, for monomer syntheses cf. experimental section). 

This is only slightly higher then molecular weights obtained by ADMET polycondensation. 

However, reaction conditions were not optimised in these preliminary studies. DLS revealed a 

unimodal particle distribution with volume average particle sizes of only 30 nm. This is 

roughly one order of magnitude smaller than PPV nanoparticles obtained by ADMET 

polymerization. The increased hydrophilicity of the monomers used for Suzuki-coupling, 

compared to the divinylbenzenes used in ADMET polymerization, possibly will result in 

smaller initial miniemulsion droplets at a fixed energy dose introduced to the system by 

ultrasonication. This accounts for the much smaller particle size obtained by Suzuki-coupling 

under otherwise identical reaction conditions.  

 

Scheme 25. Suzuki-coupling of 1,4-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl-

ethenyl)-2,5-dihexyloxybenzene and 1,4-diiodo-2,5-di-(2-ethylhexyloxy)benzene in aqueous 

miniemulsion. 
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4 Cell Imaging with Conjugated Polymer Nanoparticles 

4.1 Introduction 

Their brightness and reasonable photostability renders conjugated polymer nanoparticles 

interesting as probes for cell labeling and bioimaging under both one photon and especially 

two-photon excitation. The latter allows for milder deep tissue imaging in the near infra red 

spectral range. The photostability of the particles is particularly important considering 

fluorescence-based imaging techniques, especially for long-term imaging or tracking 

experiments. Several authors demonstrated that conjugated polymer nanoparticles show no 

severe photobleaching upon continuous excitation over minutes to hours in cuvette51,140 and 

when imaged in biological systems.60 Longer-term tracking of conjugated-polymer-

nanoparticle-labeled cells over several days under two-photon excitation has been illustrated 

in a tissue model.147  

Obviously, the brightness of a nanoparticle when compared to a single low-molecular-weight 

dye molecule primarily stems from its larger volume. Utilization of nanoparticles rather than 

dye molecules requires that the given system under investigation is not disturbed by the probe 

in an undesirable fashion. As has been demonstrated for nanoparticles of various types of 

conjugated polymers, and different types of cells, the nanoparticles are taken up and 

accumulated by living cells.51-52,60,64,137,140,142,147,268 No evidence for cell toxicity of the 

nanoparticles was observed in these studies (also cf. [227]). This also applies to nanoparticles 

generated directly by polymerization in emulsion without intermediate purification of the 

isolated polymer. Typically, the conjugated polymer nanoparticles accumulate in the cytosol 

of the cell without penetrating the cell nucleus after being incubated with the living cells for 

several hours to days. The particles can be imaged by traditional fluorescence microscopy or 

via multiphoton excitation in the near infra red.137,147 The growth of cells through a collagen 

gel-based microfluidic device was not stunted by the nanoparticles, proving that they do not 

affect cell behaviour nor show any toxicity.147 

From a comparison of 2D trajectories observed by confocal microscopy of stationary particles 

of 14, and particles undergoing brownian motion, it was concluded that these brightly 

fluorescing particles can be detected with < 5 nm lateral resolution. By defocused imaging, in 

the third dimension a resolution of ca. 20 nm appeared viable.65,321 Most recently, a first in 

vivo study demonstrated the real-time mapping of sentinel lymph nodes in a mouse model.229 
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In this work, tailor-made conjugated polymer nanoparticles from Sonogashira coupling322 

were investigated for multicolor and multiphoton cell imaging. Extensive experiments were 

performed with PPE nanoparticles prepared via Sonogashira coupling rather than with PPV 

nanoparticles from ADMET polycondensation, as the former proved to yield smaller particles 

consisting of much higher molecular weight polymers. However, PPV nanoparticles from 

ADMET polymerization have also been examined in preliminary experiments. 

4.1.1 Poly(phenylene ethynylene) Nanoparticles by Sonogashira Coupling  

This section provides characteristic data of the nanoparticles employed for cell experiments. 

PPE nanoparticles were developed in the framework of another parallel PhD thesis running in 

the Mecking group. Therefore, details on synthetic procedures and monomer syntheses will be 

found elsewhere.137,322 Aqueous dispersions of poly(p-phenylene ethynylene) (PPE) 

nanoparticles can be prepared by Sonogashira coupling in a miniemulsion system. As an A2 + 

B2 step-growth reaction, Sonogashira coupling provides access to poly(arylene ethynylene)s 

with a broad range of microstructures and optical properties due to the alternating 

arrangement of the A2- and B2-derived repeat units. For polymerization, [Pd(PPh3)4] as a 

catalyst precursor and  catalytic amounts of CuI were added to a stoichiometric mixture of the 

1,4-dihalo- and 1,4-dialkyne-substituted monomers in a small amount of toluene and 

diisopropylamine. This mixture was added to an aqueous surfactant solution and 

ultrasonication yielded a miniemulsion, which was gently stirred under a protective gas 

atmosphere at an elevated temperature for several days. Polymerization occurred in the 

droplets, yielding highly fluorescent nanoparticles with sizes of 60 -120 nm of polymers with 

high molecular weights (Table 13). The critical issue of stoichiometric balance at the locus of 

reaction in disperse systems as a prerequisite for obtaining substantial molecular weights in 

A2 + B2 polymerizations seems not to be problematic here. Over an observation period of 

more than one year, colloidal stability was fully retained also at relatively high concentrations 

exceeding 1 wt.-% solids content, as observed by dynamic light scattering. Polymerization of 

amphiphilic moieties provided additional steric stabilization of the particles (entry 1, 37). For 

polymer molecular structures confer Scheme 26. In the above polymerization procedure, a 

minimum of CuI was employed to avoid any fluorescence quenching in the resulting latex. 

Residual amounts of toluene could be easily removed from the dispersions by either dialysis, 

owing to the partial solubility of toluene in water or by simply stirring the latex in an open 

flask. 
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Table 13. Characteristic data of PPE-type polymer nanoparticle dispersions.a 

entry polymer Mn ×104  

(g mol-1)b 

Mw ×105  

(g mol-1)b 

QY 

(%)c 

λmax 

(nm)d 

solids 

content (%) 

particle 

size (nm)e 

1 37 4.4 4.9 5 501 0.28 64 

2 38 6.6 3.2 3 484 1.54 118 

3 28 7.8 4.6 46 585 1.60 61 
a Reaction conditions: 50 °C; 72 h; 1 mol-% [Pd(PPh3)4]; catalytic amount of CuI; 0.5 g of 

iPr2NH; 1.0 g of toluene; 50 mL of 1 wt.-% SDS aqueous solution; further details, cf. 
Dissertation J. Huber.137,322 b Determined by GPC in THF at 40 °C vs. polystyrene standards. c 
Absolute quantum yield. d Emission maxima (for 398 nm excitation). e Volume average 
particle size determined by DLS. 
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Scheme 26. Molecular structures of PPE-type conjugated polymers prepared via Sonogashira 

coupling in the form of aqueous nanoparticle dispersions. 
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The copolymerization of dibromo-substituted pyrrolopyrrole afforded nanoparticles of 

poly(arylene ethynylene) (28) with a covalently incorporated dye. This enables a 

bathochromic adjustment of the particles’ emission color with respect to the parent polymer 

via energy transfer from the polymer backbone to the dye,131,323 while retaining the excitation 

wavelength due to the essentially very similar absorption properties of the polymer back bone 

(Figure 21). By comparison to physical blending,128-129,132-134 covalent incorporation excludes 

microphase separation or dye leakage, which can be problematic otherwise. 
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Figure 21. Normalized photoluminescence spectra (λexcitation = 398 nm) of aqueous 

nanoparticle dispersions of polymers 28, 37 and 38. 

4.1.2 Multiplex and Two-photon Bioimaging 

Materials emitting multiple colors under single-wavelength excitation are advantageous for 

multiplex bioanalysis and biomedical imaging as only a single light source is required. To 

date, mainly inorganic quantum dots have been investigated in this regard.38 Studies of 

organic materials for multiplexed emission are comparatively scarce. Silica nanoparticles 

loaded with dye mixtures providing FRET or nanoparticles consisting of push-pull molecular 

systems providing intramolecular charge transfer while retaining the absorption band have 

been reported.324-325 

Multiphoton fluorescence microscopy accomplished by femtosecond pulsed laser setups is a 

powerful technique for three-dimensional imaging of biological tissues. Due to the nonlinear 

dependence of excitation probability, the small effective excitation volume is highly localized 

in the focal point, providing excellent spacial resolution in terms of reduced background 

signals from autofluorescence and reduced fluorescence of dyes outside the focal volume. 

Thus, a confocal microscopy setup is not necessary for obtaining three-dimensional 

resolution. The ability of employing near-infrared (NIR) wavelengths for excitation enables 

deep tissue imaging due to the transparency of many biological systems in this spectral range. 

Further, the low energy NIR irradiation will cause less photodamage to the specimens as 

compared to traditional excitation in the UV spectral range. However, a widespread adoption 

of multiphoton fluorescence imaging is still hampered by the expense of femtosecond 

Ti:sapphire laser systems. Furthermore, materials requiring only a single excitation 
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wavelength for providing multicolor images, which at the same time provide high two-photon 

absorption cross sections for pulsed laser excitation in the NIR represent highly interesting 

fluorescent probes. Conjugated polymer nanoparticles from Sonogashira coupling proved to 

meet all these requirements, as will be demonstrated in sections 4.2 and 4.3. 

4.2 Bioimaging of Conjugated Polymer Nanoparticle labeled HeLa Cells 

The suitability of the PPE-type conjugated polymer nanoparticles from Sonogashira coupling 

in aqueous miniemulsion (cf. section 4.1.1) as fluorescent biological markers was proven by 

live cell experiments. The as-obtained aqueous dispersions were found to be amenable to 

dilution with growth medium without any agglomeration or precipitation of the nanoparticles, 

as evidenced by sizes and distributions determined by DLS measurements of the particles in 

growth medium (Figure 22). This enabled incubation of adherent live HeLa cells with the 

desired amount of the fluorescent nanoparticles by simple medium exchange.  

 

 

Figure 22. DLS size distribution by volume of polymer 28 nanoparticles in water (green), in 

cell growth medium (blue) and the pure growth medium without nanoparticles (red). 

Initially, particle uptake was monitored over time by confocal fluorescence microscopy of live 

HeLa cells in colorless growth medium mounted on a tempered stage at 37 °C under a 5 vol.-

% CO2 atmosphere. Nanoparticles were effectively taken up by the live HeLa cells already 

after incubation over 45 minutes and accumulated in the cytosol. No penetration into the 
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nucleus was observed (Figure 23). Appropriate labeling of the cells was achieved by applying 

the initial dispersion in a roughly 103-fold dilution. 

 

   

Figure 23. Micrographs of a living HeLa cell incubated for 45 min with polymer 37 

nanoparticles in colorless growth medium. a) Overlay of b) and c). b) Confocal fluorescence 

image excited at 488 nm. c) Brightfield image. 

Further evidence for nanoparticle uptake is provided by labeling live cells in suspension, 

followed by seeding on coverslips and growing for another 24 h (Figure 24). This procedure 

allows the removal of excess nanoparticles, which remain in the supernatant after 

centrifugation. It is noteworthy that (a) over the course of the experiments no apoptotic cells 

were observed and (b) suspension-labeled cells adhered and grew normally. No conceivable 

adverse effect of any catalyst residues present (reasonably assuming that all Pd employed 

during particle synthesis resides in the particle, this amounts to a metal content of ≤ 3000 ppm 

w/w in the particles) or SDS surfactant was observed. This contrasts the finding that SDS-

stabilized poly[methoxy-4-(2-ethylhexyloxy)-2,5-phenylene vinylene] (MEH-PPV) 

nanoparticles were toxic to cells at incubation times exceeding 2 h.268 

a) b) c) 
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Figure 24. Confocal fluorescence micrograph of a fixed HeLa cell labeled in suspension with 

polymer 37 nanoparticles excited at 488 nm. 

After assuring that the nanoparticles do not show any toxicity with respect to the cells by the 

above results, all subsequent observations were done on cells fixed with paraformaldehyde 

(PFA) after an incubation time of 18 to 24 h of the live HeLa cells with the nanoparticles and 

after mounting to microscope slides using mounting medium prior to imaging. This procedure 

facilitates microscopic experiments and allows for long term conservation of the samples. 

To provide further evidence of the location of the particles in the cells, slices through the cell 

layer were recorded at different z-positions of the focal plane by confocal microscopy. By 

comparison of a cut through the cell layer (Figure 25 a) and of the same area at the bottom of 

the vessel (Figure 25 b), it is obvious that the nanoparticles do not simply sediment on top of 

the cells and on the bottom, but show a clear preference to enter the cells and to accumulate in 

the cytosol. 

  

Figure 25. Confocal fluorescence micrograph of fixed HeLa cells labeled with polymer 37 

nanoparticles. a) Cut through cell layer. b) Bottom of the vessel. 

a) b) 
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Single nanoparticles are readily detected by confocal fluorescence microscopy as revealed by 

imaging of nanoparticles dispersed and embedded in a poly(vinyl alcohol) (PVA) matrix 

(Figure 26). Further it is possible to differentiate the two nanoparticle types of a mixture by 

optical visualization. Nanoparticles of polymer 38 appear as green dots, whereas nanoparticles 

consisting of polymer 28 are red dots. Note, that the multicolour fluorescence image was 

generated by excitation with only a single laser line at 458 nm. This is enabled by the energy 

transfer in nanoparticles of polymer 28 to the covalently incorporated dye, which acts as 

emitting site, while the absorption band for both polymer nanoparticle types is nearly identical 

due to similar chemical back bone structures. 

 

 

Figure 26. Simultaneous imaging of single polymer 38 (green) and polymer 28 (red) 

nanoparticles in a PVA matrix excited at 458 nm. 

For multicolor cell imaging, to demonstrate that appropriate nanoparticles can be 

distinguished in optical microscopy, HeLa cells were fixed with paraformaldehyde after 

particles uptake by the live cells and subsequently incubated with a second species of 

nanoparticles with a different emission color. Due to the fixation, the latter nanoparticles can 

no longer penetrate the cell, but adhered to the cell membrane, giving further clear evidence 

that the first particle species is located inside the cell. Figure 27 shows the respective 

micrographs of fixed HeLa cells labeled with nanoparticles of polymer 28 (a – c) and 

nanoparticles of polymer 38 (d – i), respectively, which are located inside the cytosol of the 

cell. The subsequent incubation of the fixed cells with nanoparticles of polymer 37 (a – c) and 

nanoparticles of polymer 28 (d – i), respectively, resulted in labeling the cell membrane with 

nanoparticles emitting a different color to that of the species taken up actively by the cells. 

These multicolor fluorescence images are generated by single-wavelength excitation at 458 
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nm. Spectrally resolved images confirm that the green and red nanoparticles are distinct 

particle species at different locations not appearing in the respective contrary detection ranges. 

 

   

   

   

Figure 27. Micrographs of fixed HeLa cells labeled with conjugated polymer nanoparticles 

excited at 458 nm. a) Confocal fluorescence micrograph with two-channel detection (cf. 

section 7.1), polymer 37 nanopartilces (outside), polymer 28 nanoparticles (inside). b) 

Brightfield image to (a). c) Overlay of (a) and (b). d) Confocal fluorescence micrograph with 

two-channel detection, polymer 38 nanoparticles (inside); polymer 28 nanoparticles (outside). 

e) Brightfield image to (d). f) Overlay of (d) and (e). g) and h) Spectrally resolved confocal 

fluorescence micrographs, polymer 38 nanoparticles (inside), polymer 28 nanoparticles 

(outside). i) Overlay of (g) and (h). 

In conjunction with the large two-photon action cross sections of conjugated polymer 

nanoparticles consisting of 28, 37 and 38 (cf. section 4.3), the above particle system further 

a) 

d) 

g) h) i) 

e) f) 

b) c) 
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allows for multicolor cell imaging and differentiation of different particle types with two-

photon excitation in the NIR regime (Figure 28) at a single excitation wavelength of 780 nm. 

 

   

Figure 28. Confocal fluorescence micrographs of fixed HeLa cells labeled with conjugated 

polymer 37 (green, inside) and 28 (red, outside) nanoparticles excited at 780 nm. 

Photostability against bleaching is a major concern of any fluorescent probe in fluorescence-

based imaging applications to enable long term observations and tracking experiments. 

Studies of photostability of 28, 37 and 38 polymer nanoparticles were performed under 

typical imaging conditions by collecting fluorescence images of fixed HeLa cells labeled with 

28, 37 and 38 polymer nanoparticles, respectively, every 6 s, while continuously illuminating 

the sample for 500 s under excitation at 458 nm. The normalized fluorescene intensity, 

extracted from individual images, shows no conceivable decrease over time for nanoparticles 

in fixed cells upon continuous illumination over a period of 500 s, indicating a high stability 

of the nanoparticles towards bleaching as has been reported several times for conjugated 

polymer nanoparticles (Figure 29).51,60,140 
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Figure 29. Photostability over time of 28, 37 and 38 polymer nanoparticles under typical 

imaging conditions. 

4.3 Determination of Two-photon Action Cross Sections of 
Poly(phenylene ethynylene) Nanoparticles 

Two-photon absorption (TPA) is the simultaneous absorption of two photons that coincide in 

time and space by one molecule, which thereby is excited to a higher energy electronic state. 

The bridged energy gap between the lower and the upper electronic state of the molecule is 

identical to the sum of the energy of the two photons. In contrast to linear absorption, in two-

photon absorption under ideal conditions, the strength of the absorption is dependent on the 

square of the light intensity, thus being a nonlinear process. This further implies that high 

light intensities will be necessary to investigate TPA phenomena. As monochromatic light 

sources are required for obtaining the two-photon absorption spectrum by exciting at different 

wavelengths, tuneable pulsed lasers, like a Ti:sapphire laser, are employed for determination 

of two-photon absorption cross sections. These two-photon action cross sections are usually 

indicated in Göppert-Meyer (GM) units, where 1 GM is 10-50 cm4 s photon-1. This unit results 

from the product of two areas (one for each photon) and a time, within which the two photons 

must be present together at the locus of excitation to act concertedly.  

At a given laser intentsity I, the two-photon fluorescence intensity is proportional to σ2 

× Φ × I2, with σ2 the two-photon absorption cross section and Φ the absolute fluorescence 

quantum yield. A convenient measure of the two-photon fluorescence brightness is the two-

photon action cross section σ2
*, given by equation (1): 

Φ⋅= 2
*
2 σσ  (1) 
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Two-photon excited fluorescence was measured on a custom-made microscope by focusing a 

mode-locked Ti:sapphire laser into the aqueous nanoparticle dispersions of 28, 37 and 38 and 

collecting the reflected fluorescence signal via an electron multiplying charge coupled device 

(EMCCD) camera. Laser power-dependent excitation efficiencies provided clear evidence for 

a nonliner absorption process, even if the dependence of the fluorescence signal on the 

excitation power was not exactly quadratic as would be theoretically expected for two-photon 

processes (Figure 30). Based on these measurements, the laser was operated at a power 

ranging from 5 to 10 mW for determination of σ2
* . 
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Figure 30. Dependence of the fluorescence signal on the excitation power at 750 nm 

excitation wavelength. a) Polymer 28 nanoparticles. b) Polymer 38 nanoparticles. 

Two-photon action cross sections σ2
* of 28, 37 and 38 nanoparticles were determined as a 

function of excitation wavelength versus reference standards with known σ2
* according to 

equation (2), with F2 the fluorescence intensity, ϕ the differential quantum efficiency, and λreg 

the fluorescence registration wavelength, and equation (1). Indices r and s stand for the 

reference and the sample, respectively.326 

r
regssregr

regrrregs
s

CF

CF
,2

,2

,2
,2

)()(

)()(
σ

λϕλ
λϕλ

σ =  

Identical measurements conditions for the sample and the reference are of major importance 

regarding accurate results. These are guaranteed by measuring the sample and the reference at 

a given wavelength immediately one after another without any interruption of the laser 

system. A tailor-made cuvette consisting of a microscopy slide suitable for the employed 

a) b) 

(2) 
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objective, and two bottom-cut glass screw cap vials, which were adhered to the slide by 

soluble sodium silicate waterglass to avoid any contamination with adhesive components, 

enabled the fast switching between sample and reference on the microscope stage. This gas-

tight cuvette further ensured for constant concentrations of the sample dispersion as well as of 

the reference solution during the course of the experiments. Two-photon excited fluorescence 

was collected in a spectral window from 220 to 720 nm over an excitation time range of 20 s 

by summarizing 100 acquisition frames of 0.2 s each for obtaining high quality fluorescence 

spectra without oversaturating the highly sensitive detector. Thereby, the noise of an 

individual acquisition frame was eliminated while at the same time the fluorescence intensity 

fluctuations, caused by the fluctuating number of particles in the excited volume of the liquid 

system, are statistically balanced. Note, that assuming an excited volume of 1 femto liter, only 

roughly 20 to 100 particles will be excited simultaneously within this volume at typical 

nanoparticle concentrations in the nanomolar range, which have been determined for the 

dispersions under investigation. In that context, it is worth mentioning that over the course of 

a measurement (and also for 10-fold increased number of acquisition frames), no decrease of 

the fluorescence intensity of the sequenced individual acquisition frames was observed, 

indicating that under measurement conditions no photobleaching occurs. Signals were 

background corrected, which was acquired under identical conditions as used during sample 

measurement with the laser being blocked. Two-photon excited fluorescence intensity was 

determined by averaging over three individual measurements. Reproducibility of the two-

photon excited fluorescence intensity determined in that fashion was ensured by independent 

sets of measurements in a very good accuracy. 
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Figure 31. Semilogarithmic plot of two-photon action cross sections σ2
* vs. the excitation 

wavelength for nanoparticle dispersions of 28, 37 and 38 and two reference compounds. 

The determined two-photon action cross sections σ2
* range from 106 to 107 Göppert-Meyer 

units (Figure 31). Thus, they are several orders of magnitude brighter than inorganic quantum 

dots or conventional organic fluorophores. This also applies to brightness with respect to unit 

volume. The data agrees with previous observations on conjugated polymer 

nanoparticles,56,147 taking particle volume into account, as the absorption cross section is 

assumed to increase linearly with the particle volume.55 As anticipated for a nonlinear 

excitation, σ2
* does not feature a distinct wavelength dependence in the spectral range studied, 

which is advantageous for imaging concerning the choice of excitation source. 

polymer 37 
polymer 38 
polymer 28 
coumarin 485 
rhodamine B 
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5 Conclusive Summary 

Conjugated polymers have been studied intensly over the past three decades, due to their 

conductive and luminescent properties. In the form of nanoparticles, however, luminescent 

polymers have found interest only most recently, and at the beginning of this thesis only a 

handful of publications existed on such particles. They are of interest for various reasons, 

such as the very high luminescence brightness of individual nanoparticles, or the possibility of 

overcoming the notorious issue of processing insoluble, intractable polymers via particulate 

systems. From the various available methods for that purpose, the synthesis of conjugated 

polymer nanoparticles from the appropriate monomers by polymerization in highly disperse 

aqueous systems is attractive, as it is not restricted to soluble polymer derivatives and in 

principal can afford a broader scope of nanoparticle structures. However, the synthesis of 

conjugated polymers commonly involves transition metal catalyzed step-growth reactions, 

which are prone to catalyst decomposition by moisture and air.  

The synthesis of poly(p-phenylene vinylene) nanoparticle dispersions was investigated by 

acyclic diene metathesis (ADMET) coordination polymerization of appropriate 

divinylbenzenes in aqueous miniemulsion. Appropriate substituted divinylbenzenes were 

prepared for this purpose in high purities suited for step-growth polymerization following 

literature protocols. Ruthenium alkylidene catalyst precursors were found to oligomerize 

divinylbenzenes to the respective oligo(phenylene vinylenes) under aqueous miniemulsion 

polymerization conditions, resulting in brightly colored nanoparticle dispersions with particle 

sizes ranging from 100 to 300 nm. The limited molecular weights may be due partially to 

catalyst decomposition under these reaction conditions, however, comparative studies in non-

aqueous systems under inert conditions did not yield substantially higher molecular weights. 

Dialkoxy- and dialkyl-substituted divinylbenzenes were converted to the corresponding red 

and green polymer nanoparticles consisting of substituted oligo(phenylene vinylene)s with 

average degrees of polymerization of DPn = 8. Of the two catalyst precursors studies, both, 

the Grubbs second generation and the Hoveyda-Grubbs second generation metathesis catalyst, 

were able to polymerize dialkoxy-substituted monomers, whereas only the former was able to 

polymerize dialkyl-substituted monomers in emulsion. This is attributed to the lack of 

stabilization of the catalyst resting state towards the aqueous environment, due to the lack of a 

coordinating other moiety from the monomer. The obtained highly fluorescent conjugated 

polymer nanoparticle dispersions were found to be colloidally stable and to be processable by 

simple ink-jet printing techniques into lateral structures. This work represented the first 
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demonstration of the synthesis of polymer nanoparticles by step-growth coordination 

polymerization, in the form of aqueous dispersions. 

It has previously been shown that conjugated polymer nanoparticles are excellent fluorescent 

probes for cell imaging due to their extraordinary brightness and photostability. Extremely 

high two-photon action cross sections have been reported for conjugated polymer 

nanoparticles generated by postpolymerization techniques.56,147 Against that background, 

conjugated polymer nanoparticles from Sonogashira coupling in aqueous miniemulsion, 

which originated from another PhD project within the research group, were extensively 

studied for their suitability as fluorescent probes in live cell imaging and for their two-photon 

action cross sections. Covalently incorporated dyes allowed for the bathochromic tuning of 

the emission color while keeping the absorption band constant. The nanoparticles were found 

to be taken up by living HeLa cells accumulating in the cytosol without showing any 

conceivable cytotoxicity. Visual differentiation of nanoparticle species in mixtures at single-

wavelength excitation enabled multicolor fluorescence images. A differentiation of the 

location of different particle species in cells could be demonstrated with both linear and non-

linear excitation. Systems emitting multiple colors at single-wavelength excitation are of 

general relevance for multiplex bioanalysis and biomedical imaging. Such a system on the 

basis of conjugated polymer nanoparticles was demonstrated for the first time. The two-

photon action cross sections of conjugated polymer nanoparticles from Sonogashira coupling 

in aqueous miniemulsion were found to range from 106 to 107 Göppert-Meyer units, which is 

several orders of magnitude brighter than inorganic quantum dots or conventional organic 

fluorophores.  Conjugated polymer nanoparticles from miniemulsion polymerization thus 

proved to be excellent highly fluorescent photostable probes for cell imaging with 

extraordinary high two-photon action cross sections enabling multicolor and multiphoton 

bioimaging of living systems.  
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6 Zusammenfassung 

Konjugierte Polymere stellen aufgrund ihrer Fähigkeit den elektrischen Strom zu leiten und 

Licht zu emittieren interessante Materialien dar, welche in den vergangenen drei Jahrzehnten 

intensiv erforscht wurden. In Form von Nanopartikeln stießen lichtemittierende Polymere 

jedoch erst kürzlich auf Interesse, sodass zu Beginn dieser Arbeit nur eine Hand voll 

Publikationen über derartige Partikel verfügbar war. Solche Partikel sind in mehrerlei 

Hinsicht von Interesse, wie z. B. aufgrund der sehr intensiven Fluoreszenz einzelner 

Nanopartikel oder der Möglichkeit unlösliche und unschmelzbare konjugierte Polymere in 

Form eines partikulären Systems verarbeiten zu können. Von den verschiedenen zur 

Verfügung stehenden Methoden solche Nanopartikel zu erzeugen, stellt die Polymerisation 

von geeigneten Monomeren in einem hochdispersen wässrigen System eine attraktive 

Variante dar, da diese nicht zwingend auf lösliche Polymere beschränkt ist und im 

Allgemeinen eine größere Vielfalt an Nanopartikelsturkturen zugänglich macht. Allerdings 

sind bei der Synthese konjugierter Polymere häufig übergangsmetallkatalysierte 

Stufenwachstumspolymerisationen involviert, die in Gegenwart von Feuchtigkeit und 

Umgebungsluft zur Katalysatorzersetzung neigen.  

Die Synthese von Poly(p-phenylen vinylen) Nanopartikeldispersionen wurde durch 

Azyklische Dien Metathese (ADMET) Koordinationspolymerisation von Divinylbenzolen in 

wässriger Miniemulsion untersucht. Hierzu wurden geeignete substituierte Divinylbenzole in 

hoher Reinheit nach literaturbekannten Methoden synthetisiert. Rutheniumalkyliden 

Präkatalysatoren erwiesen sich dabei als geeignet Divinylbenzole in wässriger Miniemulsion 

zu den entsprechenden Phenylenvinylenen zu oligomerisieren. Die erhaltenen stark gefärbten 

Nanopartikeldispersionen wiesen Partikelgrößen zwischen 100 und 300 nm auf. Die 

begrenzten Molekulargewichte könnten die Folge einer Zersetzung eines Teils des 

Katalysators im wässrigen System sein. Allerdings konnten in einem vergleichbaren nicht-

wässrigen System unter inerten Bedingungen auch keine substanziell höheren 

Molekulargewichte erzielt werden. Dialkoxy- und Dialkyl-substituierte Monomere konnten 

dennoch zu den entsprechenden roten bzw. grünen Oligo(phenylenvinylen) Nanopartikeln 

umgesetzt werden, die Polymerisationsgrade von DPn = 8 aufwiesen. Die beiden untersuchten 

Präkatalysatoren, der Grubbs- und der Hoveyda-Grubbs Katalysator der jeweils zweiten 

Generation, zeigten katalytische Aktivität bei der Umsetzung von Dialkoxy-substituierten 

Divinylbenzolen, wohingegen nur der erstere die Umsetzung von Dialkyl-substituierten 

Monomeren ermöglichte. Dies konnte auf eine ungenügende Stabilisierung des Ruhezustands 
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des Katalysators gegenüber der wässrigen Umgebung zurück geführt werden, da keine 

koordinierenden Alkoxyreste über das Monomer eingeführt wurden. Die erhaltenen stark 

fluoreszierenden Nanopartikeldispersionen konjugierter Polymere waren kolloidal stabil und 

konnten mittels Tintenstrahldruck einfach zu lateralen Strukturen verarbeitet werden. Die 

Synthese von Nanopartikeln konjugierter Polymere mittels einer 

Stufenwachstumskoordinationspolymerisation in Form einer wässrigen Dispersion wurde 

dadurch erstmals gezeigt. 

Wie bereits zuvor in der Literatur gezeigt wurde, können Nanopartikel konjugierter Polymere 

aufgrund ihrer außergewöhnlich hohen Leuchtkraft als sehr helle fluoreszierende Marker für 

die Zellvisualisierung dienen. Für Nanopartikel konjugierter Polymere die durch Post-

Polymersations-Dispergierung erzeugt wurden,56,147 sind zudem extrem große zweiphotonen 

Wirkungsquerschnitte berichtet worden. Vor diesem Hintergrund wurden Nanopartikel 

konjugierter Polymere, die im Rahmen einer weiteren Dissertation innerhalb unserer 

Forschungsgruppe durch Sonogashirakupplung in wässriger Miniemulsion hergestellt wurden, 

ausgiebig auf ihre Eignung als fluoreszierende Marker für die Visualisierung lebender Zellen 

untersucht, sowie ihre Zweiphotonenwirkungsquerschnitte ermittelt. Kovalent eingebaute 

Farbstoffmoleküle ermöglichen es deren Emissionsfarbe gezielt bathochrom zu verschieben, 

während die Absorptionsbande konstant bleibt. Diese Nanopartikel penetrieren lebende HeLa 

Zellen und sammeln sich in deren Zytosol ohne erkennbare Toxizität gegenüber den Zellen 

aufzuweisen. Die optische Unterscheidbarkeit verschiedener Nanopartikelsorten bei 

Anregung mit nur einer Wellenlänge ermöglichte die Aufnahme von mehrfarbigen Bildern. 

Eine räumliche Differenzierung verschiedener Nanopartikelsorten in Zellen konnte durch 

lineare wie auch nichtlineare Anregung erreicht werden. Derartige Systeme, die mehrere 

Farben bei einer Anregungswellenlänge emittieren sind von generellem Interesse hinsichtlich 

mulitplexer Bioanalysen und biomedizinischer Visualisierungen. Ein solches System auf der 

Basis von Nanopartikeln konjugierter Polymere wurde zuvor noch nicht realisiert und wird 

mit dieser Arbeit erstmals aufgeziegt. Die Zweiphotonenwirkungsquerschnitte der durch 

Sonogashirakupplung in wässriger Miniemulsion hergestellten Nanopartikel konjugierter 

Polymere wurden zu 106 bis 107 Göppert-Meyer Einheiten bestimmt. Damit liegen die Werte 

mehrere Größenordnungen über denen von anorganischen Quantenpunkten und denen 

herkömmlicher organischer Fluorophore. Es wurde gezeigt, dass Nanopartikel konjugierter 

Polymere, die durch Polymerisation in Miniemulsion hergestellt wurden, exzellente 

fluoreszierende und photostabile Marker für die Zellvisualisierung darstellen, die zudem 

extrem hohe Zweiphotonenwirkungsquerschnitte aufweisen und somit mehrfarbige 
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mikroskopische Beobachtung durch lineare sowie nichtlineare Anregung mit nur einer 

Wellenlänge ermöglichen. 
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7 Experimental Section 

7.1 Instrumentation  

NMR spectra were recorded on a Varian Unity INOVA 400. 1H and 13C NMR chemical shifts 

were referred to the solvent signal. Dynamic light scattering was carried out on a Malvern 

Nano-ZS ZEN 3600 particle sizer (173° back scattering). The autocorrelation function was 

analyzed using the Malvern dispersion technology software 3.30 algorithm to obtain volume 

and number weighted particle size distributions. For the determination of particle size, a few 

drops of a latex sample were diluted with ca. 3 mL of water. TEM images were obtained on a 

Zeiss Libra 120 instrument (acceleration voltage 120 keV). Dispersions were dialyzed for 

TEM analysis to remove any free surfactant, and applied to a copper grid. Samples were not 

contrasted. Gel permeation chromatography (GPC) was carried out on a Polymer Laboratories 

PL-GPC 50 with two PLgel 5 µm MIXED-C columns in THF at 40 °C against polystyrene 

standards. Mass spectrometric data were obtained on a Bruker Biflex Linear TOF mass 

spectrometer equipped with a N2-laser working at 337 nm with pulses of 3 ns (acceleration 

voltage 20 kV). TCNQ was used as matrix for all MALDI-TOF measurements. Gas 

chromatography was carried out on an Agilent Technologies 7890A GC system equipped 

with a Phenomenex ZB-5 ms w/Guardian capillary column (30m × 0.25 mm × 0.25 µm) using 

mass (Agilent Technologies 5975C insert MSD with triple-axis detector) and flame-ionization 

detection. Helium of 99.995% purity was used as the carrier gas. The initial temperature of 50 

°C was kept for 1 minute, after which the column was heated at a rate of 30 °C min-1 up to 

280 °C. The final temperature was kept for 5 minutes.  Preparative HPLC was performed on a 

KNAUER HPLC setup consisting of a Smartline UV detector 2500, a preparative pumping 

unit 1800 and a reversed phase silica based column with a Europher 100-7 C18 packing (250 

× 20 mm). Polymer nanoparticle fluorescence quantum yields were measured on a 

Hamamatsu Absolute PL Quantum Yield Measurement System C9920-02 equipped with an 

IS detector. Linear absorption and emission spectra were recorded on a Cary 50 and a 

conventional fluorescence spectrometer, respectively. Confocal fluorescence images were 

acquired on a Zeiss LSM 510 Meta equipped with a 458 nm argon ion laser using a 63 x 1.4 

oil immersion lens. Multicolor fluorescence micrographs were either recorded via two PMT 

detectors with the appropriate filters (Figure 27 a and d) or via a spectrally resolved detector 

(Figure 27 g – i). Multiphoton fluorescence micrographs were recorded on a Leica TCS SP5 

confocal microscope equipped with a Ti:sappire laser (see below) at 780 nm excitation. For 
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photobleaching studies, the fluorescence intensity of individual images was calculated using 

Zeiss LSM 510 AIM software (version 4.2 SP 1) and normalized by initial intensity (t = 0 s). 

7.2 Synthetic Procedures 

Unless noted otherwise, all manipulations of ruthenium complexes were carried out under an 

inert atmosphere using standard glovebox or Schlenk techniques. Toluene was distilled from 

sodium under argon. Demineralised water was distilled under nitrogen and degassed three 

times after distillation. Ruthenium alkylidenes 30 and 31 were supplied by Aldrich. 

7.2.1 Synthesis of 1,4-Dipropoxybenzene 327 

KOH (81 g, 1.44 mol) was added to a solution of hydroquinone (64.2 g, 0.58 mol) in dry 

ethanol (550 mL), and refluxed for 20 minutes with mechanical stirring. 1-Bromopropane 

(200 mL, 2.2 mol) was added dropwise over the course of 1 hour, and the mixture was 

refluxed for another 3 hours. After solvent evaporation in vacuo, the residue was extracted 

with 500 mL CHCl3. The organic phase was filtered, extracted three times with 200 mL 

water, washed with 250 mL saturated NaHCO3 solution, and dried over Na2SO4. Solvent 

evaporation yielded the crude product, which was recrystallized three times from methanol 

(50 mL), to afford 85 g (75% yield) of white crystals. 
1H NMR (400 MHz, CDCl3,δ): 6.81 (4H, s), 3.86 (4H, t), 1.76 (4H, sextet), 1.01 (6H, t) 

7.2.2 Synthesis of 1,4-Diiodo-2,5-dipropoxybenzene 296 

ICl (175 g, 1.08 mol) was added dropwise to 300 mL of methanol, keeping the temperature 

below 10 °C. After slow addition of 1,4-dipropoxybenzene (48.5 g, 0.25 mol) at 10 °C, the 

mixture was refluxed for 4 h. Cooling to room temperature and standing over night afforded 

needle-like crystals, which were collected by filtration. The crystals were rinsed three times 

with 100 mL of cold methanol, and recrystallized from methanol to afford 49.1 g (44 % yield) 

of white product. 
1H NMR (400 MHz, CDCl3, δ): 7.17 (2H, s), 3.89 (4H, t), 1.83 (4H, sextet), 1.06 (6H, t) 
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7.2.3 Synthesis of 1,4-Dipropoxy-2,5-divinylbenzene 297 

P(tBu)3HBF4 (14.5 mg, 50 µmol), [Pd(dba)2] (28.75 mg, 50 µmol), 2,6-di-tert-butyl-4-

methylphenol (BHT) (25 mg), and 1,4-diiodo-2,5-dipropoxybenzene (4.46 g, 10 mmol) were 

dissolved in 30 mL of dry degassed dioxane under inert conditions. Cy2NMe (4.72 mL, 22 

mmol) was added via syringe, and the mixture was further degassed by bubbling argon for 10 

minutes. The reaction mixture was cannula-transferred into an autoclave. 30 bar static 

ethylene pressure were applied for 24 h under stirring at 80 °C. After cooling to room 

temperature and release of the ethylene pressure, the mixture was poured into 100 mL of 

distilled water, and extracted three times with 20 mL ethyl acetate. The combined organic 

phases were washed with 20 mL water and brine, respectively, and dried over MgSO4. 

Solvent evaporation in vacuo yielded a yellow crude product, which was flashed through a 

plug of silica (hexane/toluene = 9). TLC of the crude product solution showed only one spot, 

corresponding to the product. Solvent evaporation afforded 2.03 g (82 % yield) of 1 as white 

crystals. 
1H NMR (400 MHz, CDCl3, δ): 7.05 (2H, dd), 6.98 (2H, s), 5.72 (2H, dd), 5.23 (2H, dd), 3.92 

(4H, t), 1.81 (4H, sextet), 1.05 (6H, t). 

7.2.4 Synthesis of 1,4-Di-(2-ethylhexyloxy)benzene 327 

Powdered KOH (96 g, 1.71 mol) was suspended in 500 mL of dry DMSO and stirred 

mechanically to give a yellow suspension. After the addition of hydroquinone (22 g, 0.2 mol), 

2-ethylhexyl bromide (152 g, 140 mL, 0.788 mol) was added dropwise over the course of 1 

hour, and the mixture was stirred for another 2 hours at room temperature. The reaction 

mixture was then poured into 800 mL of ice water, phases were separated and the aqueous 

phase was extracted three times with 100 mL of hexane, respectively. The combined organic 

phases were dried over MgSO4 prior to solvent removal in vacuo. The brown and oily crude 

product was destilled under reduced pressure to yield a yellow liquid (52.6g, 78.6 %).  
1H NMR (400 MHz, CDCl3, δ): 6.83 (4H, s), 3.80 (4H, d), 1.71 (2H, m), 1.44 (8H, m), 1.34 

(8H, m), 0.93 (12H, m). 

7.2.5 Synthesis of 1,4-Di-(2-ethylhexyloxy)-2,5-diiodobenzene 296 

ICl (27.6 g, 0.17 mol) was added dropwise to 30 mL of methanol, keeping the temperature 

below 10 °C. After slow addition of 1,4-di-(2-ethylhexyloxy)benzene (13.2 g, 0.0395 mol) at 
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10 °C, the mixture was refluxed for 4 h, bubbling argon from time to time. After cooling to 

room temperature and stirring over night, an aqueous solution of sodium sulfite (20 % w/w, 

250 mL) was added and the reaction mixture was extracted three times with 70 mL of hexane, 

respectively. The combined organic phases were dried over Na2SO4 prior to solvent removal 

in vacuo, yielding a yellow to brown oil. Column chromatography (100 % hexane) yielded the 

product as a colorless oil (9.87 g, 43 %). 
1H NMR (400 MHz, CDCl3, δ): 7.16 (2H, s), 3.82 (4H, d), 1.73 (2H, m), 1.50 (8H, m), 1.32 

(8H, m), 0.93 (12H, m) 

7.2.6 Synthesis of 1,4-Di-(2-ethylhexyloxy)-2,5-divinylbenzene 297 

P(tBu)3HBF4 (29 mg, 100 µmol), [Pd(dba)2] (57.5 mg, 100 µmol), 2,6-di-tert-butyl-4-

methylphenol (BHT) (30 mg), and 1,4-di-(2-ethylhexyloxy)-2,5-diiodobenzene (5.86 g, 10 

mmol) were dissolved in 30 mL of dry degassed dioxane under inert conditions. Cy2NMe 

(4.72 mL, 22 mmol) was added via syringe, and the mixture was further degassed by bubbling 

argon for 10 minutes. The reaction mixture was cannula-transferred into an autoclave. 35 bar 

static ethylene pressure were applied for 24 h under stirring at 80°C. After cooling to room 

temperature and release of the ethylene pressure, the mixture was poured into 100 mL of 

distilled water, and extracted three times with 50 mL ethyl acetate. The combined organic 

phases were washed with 20 mL water and brine, respectively, and dried over MgSO4. 

Solvent evaporation in vacuo yielded a yellow oil, which was purified by column 

chromatography (hexane/toluene = 9), yielding the product as a coloress oil (3.23 g, 84.6 %).  
1H NMR (400 MHz, CDCl3, δ): 7.05 (2H, dd), 6.99 (2H, s), 5.72 (2H, dd), 5.24 (2H, dd), 3.86 

(4H, d), 1.74 (2H, m), 1.47 (8H, m), 1.33 (8H, m), 0.92 (12H, m). 

7.2.7 Synthesis of Methoxy-4-(2-ethylhexyloxy)benzene 302 

4-Methoxyphenol (53.3 g, 0.43 mol), KOH (28 g, 0.5 mol), and tetrabutylammonium bromide 

(2.5 g, 0.09 mol) were dissolved in 160 mL of destilled water. 2-ethylhexyl bromide (80 g, 

0.42 mol) were added to the solution and the mixture was refluxed (120 °C) for three days. 

After cooling to room temperature and phase separation, the organic phase was extracted 

three times with water. Solvent evaporation yielded the crude product as yellow oil. 

Destillation under reduced pressure afforded the pure product (76 g, 70 %). 
1H NMR (400 MHz, CDCl3, δ): 6.83 (4H, d), 3.78 (2H, d), 3.76 (3H, s), 1.69 (1H, m), 1.42 

(4H, m), 1.32 (4H, m), 0.92 (6H, m). 
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7.2.8 Synthesis of Methoxy-4-(2-ethylhexyloxy)-2,5-diiodobenzene 296 

ICl (217 g, 1.3 mol) was added dropwise to 330 mL of methanol, keeping the temperature 

below 10 °C. After slow addition of methoxy-4-(2-ethylhexyloxy)benzene (76 g, 0.32 mol) at 

10 °C, the mixture was refluxed for 4.5 h, bubbling argon from time to time. After cooling to 

room temperature and stirring over night, an aqueous solution of sodium sulfite (20 % w/w, 

500 mL) was added and the reaction mixture was extracted three times with 100 mL of 

hexane, respectively. The combined organic phases were washed with water and dried over 

Na2SO4 prior to solvent removal in vacuo. Column chromatography (100 % hexane) yielded a 

mixture of the desired product and the mono-iodinated product as an impurity. The pure 

product was obtained by preparative HPLC (RP C18, methanol/water = 19) as a colorless oil 

(107.7 g, 69 %). 
1H NMR (400 MHz, CDCl3, δ): 7.18 (1H, s), 7.16 (1H, s), 3.81 (5H, m), 1.73 (1H, m), 1.53 

(4H, m), 1.32 (4H, m), 0.93 (6H, m). 

7.2.9 Synthesis of Methoxy-4-(2-ethylhexyloxy)-2,5-divinylbenzene 297 

P(tBu)3HBF4 (14.5 mg, 50 µmol), [Pd(dba)2] (28.75 mg, 50 µmol), 2,6-di-tert-butyl-4-

methylphenol (BHT) (25 mg), and methoxy-4-(2-ethylhexyloxy)-2,5-diiodobenzene (4.88 g, 

10 mmol) were dissolved in 30 mL of dry degassed dioxane under inert conditions. Cy2NMe 

(2.36 mL, 11 mmol) was added via syringe, and the mixture was further degassed by bubbling 

argon for 10 minutes. The reaction mixture was cannula-transferred into an autoclave. 35 bar 

static ethylene pressure were applied for 24 h under stirring at 80 °C. After cooling to room 

temperature and release of the ethylene pressure, the mixture was poured into 100 mL of 

distilled water, and extracted three times with 20 mL ethyl acetate. The combined organic 

phases were washed with 20 mL water and brine, respectively, and dried over MgSO4. 

Solvent evaporation in vacuo yielded a yellow oil, which was purified by column 

chromatography (hexane/toluene = 9), yielding the product as a coloress oil (1.83 g, 63.5 %).  
1H NMR (400 MHz, CDCl3, δ): 7.1 – 7.0 (2H, m), 6.98 (2H, d), 5.72 (2H, dd), 5.25 (2H, dd), 

3.85 (2H, d), 3.83 (3H, s), 1.73 (1H, m), 1.47 (4H, m), 1.32 (4H, m), 0.93 (6H, m). 
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7.2.10 Synthesis of 2-Ethylhexylmagnesium bromide 

Under inert conditions, magnesium turnings (27.4 g, 1.13 mol) were overlayered with 200 mL 

of dry diethylether. 2-Ethylhexyl bromide (100 mL, 0.563 mol) was added dropwise under ice 

cooling. After complete addition the reaction mixture was refluxed for 2 h and filtered 

through celite. Based on the total volume of 240 mL and the concentration of 1.1 mol L-1 

,obtained by titration, a yield of 47 % can be estimated. 

7.2.11 Synthesis of 1,4-Di-(2-ethylhexyl)benzene 311 

[1,3-Bis(diphenylphosphino)propane]nickel(II) chloride (dpppNiCl2) (150 mg, 275 µmol) and 

1,4.dichlorobenzene (14.7 g, 0,1 mol) were dissolved in 100 mL of dry diethylether. A 

solution of 2-ethylhexylmagnesium bromide (240 mL, 1.1 mol L-1, 0.264 mol) was added 

dropwise, changing the colour from red to black and affording a white precipitate. The 

reaction mixture was stirred over night, then refluxed for 2 h, cooled to room temperature and 

poured into 300 mL of icy HCl (2 mol L-1). After phase separation, the aqueous phase was 

extracted three times with 100 mL of diethylether. The combined organic phases were 

neutralized with saturated solution of NaHCO3, washed 2 times with 100 mL of water, 

respectively, and dried over MgSO4. After solvent evaporation, the pure product was obtained 

by distillation as a colourless oil (20.6 g, 67 %). 
1H NMR (400 MHz, CDCl3, δ): 7.05 (4H, s), 2.50 (4H, d), 1.55 (2H, m), 1.35 – 1.20 (16H, 

m), 0.87 (12H, m). 

7.2.12 Synthesis of 1,4-Di-(2-ethylhexyl)-2,5-diiodobenzene 312-313 

1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) 

(Selectfluor®) (4.241 g, 11.8 mmol) and iodine (3.0457 g, 12 mmol) were added to a 

suspension of 1,4-di-(2-ethylhexyl)benzene (1.8077 g, 5.97 mmol) in 64 mL of acetonitrile. 

The reaction mixture was refluxed for 6 h, bubbling argon from time to time. After cooling to 

room temperature, an aqueous solution of sodium sulfite (5 % w/w, 100 mL) was added and 

the aqueous phase was extracted three times with 50 mL of hexane, respectively. The 

combined organic phases were dried over Na2SO4 and flushed through a plug of silica 

(hexane/toluene = 9). A colourless oil was obtained (2.93 g, 88 % of the expected mass), 

which turned out to be a mixture of the desired product (91 mol-%), the tri-iodinated 

derivative (6 mol-%), and traces of the mono-iodinated derivative. The mixture could be 
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separated only by preparative HPLC (RP C18, methanol/water = 19) to yield the pure product. 

For HPLC, the mixture was dissolved in methanol/THF = 85/15 v/v at a concentration of 20 

mg L-1 and separated at a flux of 40 mL min-1 in methanol/water = 19 according to the trace 

shown in Figure 32. 
1H NMR (400 MHz, CDCl3, δ): 7.16 (2H, s), 3.81 (4H, d), 1.72 (2H, m), 1.50 (8H, m), 1.32 

(8H, m), 0.93 (12H, m). 

 

 

Figure 32. HPLC trace of the separation of 1,4-di-(2-ethylhexyl)-2,5-diiodobenzene (major 

peak) and 1,4-di-(2-ethylhexyl)-2,3,5-triiodobenzene (minor peak). 

7.2.13 Synthesis of 1,4-Di-(2-ethylhexyl)-2,5-divinylbenzene 297 

P(tBu)3HBF4 (29 mg, 100 µmol), [Pd(dba)2] (57.5 mg, 100 µmol), 2,6-di-tert-butyl-4-

methylphenol (BHT) (25 mg), and 1,4-di-(2-ethylhexyl)-2,5-diiodobenzene (4.32 g, 7.8 

mmol) were dissolved in 30 mL of dry degassed dioxane under inert conditions. Cy2NMe 

(4.72 mL, 22 mmol) was added via syringe, and the mixture was further degassed by bubbling 

argon for 10 minutes. The reaction mixture was cannula-transferred into an autoclave. 40 bar 

static ethylene pressure were applied for 24 h under stirring at 80 °C. After cooling to room 

temperature and release of the ethylene pressure, the mixture was poured into 100 mL of 

distilled water, and extracted three times with 50 mL ethyl acetate. The combined organic 

phases were washed with 20 mL water and brine, respectively, dried over MgSO4, and flushed 

through a plug of silica (hexane/toluene = 9). A greenish oil was obtained (2.43 g, 88 % of the 

expected mass), which turned out to be a mixture of the desired product (93.3 mol-%), the 

starting material (6.4 mol-%), and traces of 1-iodo-4-vinyl-2,5-di-(2-ethylhexyl)benzene (0.3 

mol-%). The mixture could be separated only by preparative HPLC (RP C18, methanol/water 

= 19) to yield the product in a purity of 99.7 %, as determined by GC-MS. For HPLC, the 

mixture was dissolved in methanol/THF = 85/15 v/v at a concentration of 10 mg L-1 and 
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separated at a flux of 40 mL min-1 in methanol/water = 19 according to the trace shown in 

Figure 33. 
1H NMR (400 MHz, CDCl3, δ): 7.28 (2H, s), 7.02 (2H, dd), 5.65 (2H, dd), 5.27 (2H, dd), 2.63 

(4H, d), 1.61 (2H, m), 1.40 – 1.25 (16H, m), 0.93 (12H, m). 

 

 

Figure 33. HPLC trace of the separation of 1,4-di-(2-ethylhexyl)-2,5-divinylbenzene (major 

peak) and 1,4-di-(2-ethylhexyl)-2,5-diiodobenzene (right peak) and 1-iodo-4-vinyl-2,5-di-(2-

ethylhexyl)benzene (middle peak). 

7.2.14 Synthesis of 1,4-Divinylbenzene 297 

P(tBu)3HBF4 (29 mg, 100 µmol), [Pd(dba)2] (57.5 mg, 100 µmol), 2,6-di-tert-butyl-4-

methylphenol (BHT) (30 mg), and 1,4- diiodobenzene (3.3 g, 10 mmol) were dissolved in 30 

mL of dry degassed dioxane under inert conditions. Cy2NMe (9.42 mL, 44 mmol) was added 

via syringe, and the mixture was further degassed by bubbling argon for 10 minutes. The 

reaction mixture was cannula-transferred into an autoclave. 30 bar static ethylene pressure 

were applied for 24 h under stirring at 80 °C. After cooling to room temperature and release 

of the ethylene pressure, the mixture was poured into 100 mL of distilled water, and extracted 

three times with 50 mL ethyl acetate. The combined organic phases were washed with 20 mL 

water and brine, respectively, and dried over Na2SO4. Solvent evaporation in vacuo yielded a 

yellow oil, which was purified by column chromatography (hexane/toluene = 8), yielding the 

product as a coloress oil with a characteristic odour (1.123 g, 86.4 %).  
1H NMR (400 MHz, CDCl3, δ): 7.39 (4H, s), 6.73 (2H, dd), 5.77 (2H, dd), 5.26 (2H, dd). 



Experimental Section 

 105 

7.2.15 Synthesis of 1,4-Dihexyloxy-2,5-bis-(2-trimethylsilyl) ethynyl 
benzene 137 

1,4-Dibromo-2,5-dihexyloxybenzene (5.0 g, 11.46 mmol) was dissolved in triethyl amine (40 

mL) and pyridine (20 mL). PPh3 (200 mg) and CuI (10 mg) were added to the solution, which 

was properly degassed. Trimethylsilyl acetylene (3.0 g, 91 mmol) and Pd(PPh3)4 (50 mg) 

were added and the solution was degassed again prior to heating to reflux for 6 h. After 

cooling to room temperature the precipitate was filtered off and washed with triethyl amine. 

After removal of the solvent from the filtrate in vacuo, the residue was suspended in 50 mL of 

water and extracted three times with 50 mL of hexane, respectively. The organic phase was 

dried over MgSO4. Recrystallization in ethanol yielded the product (3.5 g, 65 %). 
1H NMR (400 MHz, CDCl3, δ): 6.88 (2H, s), 3.93 (4H, t), 1.77 (4H, m), 1.55 – 1.45 (6H, m), 

1.32 (8H, m), 0.90 (6H, t), 0.24 (18H, s). 

7.2.16 Synthesis of 1,4-Dihexyloxy-2,5-diethynylbenzene 137 

1,4-Dihexyloxy-2,5-bis-(2-trimethylsilyl)ethynylbenzene (3.5 g, 7.4 mmol) was dissolved in 

30 mL of methanol and 30 mL of THF. After addition of 5 mL of aqueous NaOH (5 M) the 

mixture was stirred for 2 h at room temperature. After solvent removal in vacuo the residue 

was suspended in 20 mL of water and extracted three times with 30 mL of hexane, 

respectively. The organic phase was dried over MgSO4. Recrystallization in ethanol yielded 

the product (2.23 g, 92 %). 
1H NMR (400 MHz, CDCl3, δ): 6.94 (2H, s), 3.96 (4H, t), 3.32 (2H, s), 1.79 (4H, m), 1.46 

(4H, m), 1.32 (8H, m), 0.89 (6H, t). 

7.2.17 Synthesis of 1,4-Bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl-
ethenyl)-2,5-dihexyloxybenzene 328 

4,4,5,5-Tetramethyl-1,3,2-dioxaborolane (570 µL, 3.92 mmol) were added drop wise to a 

stirred solution of 1,4-Dihexyloxy-2,5-diethynylbenzene (582 mg, 1.78 mmol) and Cp2ZrHCl 

(52 mg, 0.2 mmol) in 10 mL of dry toluene. The reaction mixture was warmed to 65 °C and 

stirred for 24 h. After cooling to room temperature the mixture was poured into 50 mL of 

destilled water and phases were separated. The aqueous phase was extracted two times with 

diethylether and two times with hexane. The combined organic phases were washed with 

brine and dried over MgSO4 prior to solvent removal in vacuo. The crude product was 
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purified by column chromatography (ethyl acetate/hexane = 1 up to 3) and recrystallized from 

ethanol. Bright yellow crystals were obtained after dissolving the crude product again in 5 mL 

of ethanol and crystallizing over night at -80 °C (239 mg, 23 %). 
1H NMR (400 MHz, CDCl3, δ): 7.70 (2H, d), 7.04 (2H, s), 6.18 (2H, d), 3.92 (4H, t), 1.78 

(4H, m), 1.45 (4H, m), 1.33 (8H, m), 1.28 (24H, s), 0.90 (6H, m). 

7.2.18 Metathesis in Toluene 

In a typical polymerization, 300 µmol of the appropriate divinylbenzene, the desired amount 

of the ruthenium alkylidene catalyst precursor and 1 mg of BHT were dissolved in 1 mL of 

dry toluene in a Schlenk tube inside a glovebox. The tube was sealed with a rubber septum, 

removed from the glovebox and connected to a vacuum pump establishing a constant vacuum 

of 750 mbar. The polymerization was performed at 50 °C under gentle magnetic stirring over 

the appropriate reaction time of at least 24 h. After cooling to room temperature, the reaction 

was quenched with excess ethyl vinyl ether and the polymer was precipitated by pouring the 

reaction mixture into excess methanol. The polymer was isolated by filtration. Molecular 

weights were determined by 1H NMR spectroscopic quantification of end groups according 

to: 
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with N(RU) the number of repeating units and N(EG) the number of end groups, whereat two 

EGs constitute one RU resulting in the summand +1 in the formula (cf. molecular structure in 

Figure 8). The integrals of the denominator correspond each to one proton (e.g. the Vcis-signal 

in Figure 8 and the iso-signal in Figure 19). It has been shown that vinyl end groups can easily 

be oxidised to aldehyde groups by oxygen from atmosphere under release of formaldehyde.329 

The integral of the numerator corresponds to two protons (e.g. the (Vn + V1)-signal in Figure 

8). 

7.2.19 Metathesis in Aqueous Miniemulsion 

In a typical polymerization, 1 mmol of the appropriate divinyl benzene was dissolved under 

inert conditions in 1 mL (in case of DPO-DVB in 1.2 mL) of dry toluene. In a second schlenk 

tube, 10 µmol of the desired catalyst precursor were dissolved in 0.3 mL of dry toluene. Both 
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solutions were loaded separately into syringes whose cannulas were sealed with rubber 

septums for transportation from the glovebox to the vacuum pump. The two organic solutions 

were injected simultaneously into 30 mL of a 1 wt.-% aqueous DTAC solution in a schlenk 

tube, immediately followed by ultrasonication for 2 minutes. The schlenk tube was sealed 

with a rubber septum and subjected to a constant reduced pressure of 750 mbar. The reaction 

was performed at 50 °C under gently magnetic stirring over the appropriate time of at least 24 

h. After cooling to room temperature, the reaction was quenched with 0.3 mL of ethyl vinyl 

ether and stirred open to atmosphere at 35 °C for several days. After filtration over cotton 

wool, bright colored, colloidally stable aqueous nanoparticle dispersions were obtained. 

Aliquotes of the dispersions were precipitated in excess methanol for polymer isolation by 

filtration and subsequent polymer analysis. 

7.2.20 Suzuki-Coupling in Aqueous Miniemulsion 

1,4-Bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl-ethenyl)-2,5-dihexyloxybenzene (188 

mg, 320 µmol) was dissolved in 400 µL of dry toluene and 180 µL of iPr2NH (1.28 mmol, 4 

eq.). 1,4-di(2-ethylhexyloxy)-2,5-diiodobenzene (187 mg, 320 µmol) and Pd(PPh3)4 (7.4 mg, 

6.4 µmol, 1 mol-%) were dissolved separately in 400 µL of dry toluene, respectively. The 

three organic solutions were injected via syringes into 25 mL of a 1 wt.-% aqueous SDS 

solution and then immediately subjected to high shear by ultrasonication over 2 minutes. The 

polymerization was performed at 50 °C under a reduced constant pressure of 750 mbar and 

under gently magnetic stirring over 96 h. A dark red, colloidally stable aqueous nanoparticle 

dispersion was obtained. Aliquots of the dispersion were precipitated in excess methanol for 

polymer isolation and characterization. 

7.3 Cell Experiments 

An adherent HeLa 229 cell culture line was maintained in Dulbecco’s modified Eagle’s 

Medium (GIBCO, Invitrogen) supplemented with 10 % fetal calf serum (FCS, Biochrom 

AG), 100 U/mL penicillin – 100 µg/mL streptomycin (GIBCO, Invitrogen) and 2 mM L-

glutamine (GIBCO, Invitrogen). Cultures were maintained at 37 °C / 5 % CO2 in a TC-treated 

cell culture flask (Corning, 75 cm2) and routinely passaged at 85 – 95 % confluency by 

removing culture medium, washing cells (1 × PBS), trypsinization (GIBCO, Invitrogen, 1 

mL, 3 min, 37 °C), removal of trypsin solution by centrifugation (5 min, 1000 rpm), 
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resuspension in growth medium, and reseeding at a concentration of approximately 2 × 105 

cells / mL. 

Cells being passaged were seeded on 16 mm cover glass circles in 12-well TC-treated 

microplates (Costar 3512) at approximately 1.0 × 105 cells / well (1 mL / well), and allowed 

to grow for 24 h at 37 °C / 5 % CO2. Appropriate amounts of conjugated polymer 

nanoparticle dispersions (pure or diluted with H2O) were mixed with growth medium to result 

in total volumes of ca. 250 µL (Table 14), which were added to the respective cell-containing 

wells. After incubation for 18 h (37 °C / 5 % CO2) cells were fixed with 4 % 

paraformaldehyde (in 1 × PBS) for 10 minutes, washed 3 times with 1 × PBS and then 

mounted to microscope slides using mounting medium (Aqua Poly/Mount, Polysciences). 

Optionally, fixed cells were incubated with a second species of conjugated polymer 

nanoparticles (3 µL of 37 nanoparticle dispersion, 1 µL of 38 and 28 nanoparticle dispersion, 

respectively) in 1.5 mL 1 × PBS for 15 min, washed two times with 1 × PBS and then 

mounted to microscope slides. 

 

Table 14. Amounts of conjugated polymer nanoparticle dispersions used for cell labeling 

experiments. 

entry polymer Vas-prepared dispersion (µL) VH2O (µL) Vmedium (µL) 

1 37 3.5 -- 247 

2 38 2.0 -- 248 

3 28 1.0 4.0 245 

 

 

Labeling of suspended cells was achieved by adding a mixture of 40 µL of polymer 37 

dispersion and 460 µL medium to 1 mL of cell suspension (1 × 106 cells / mL) for an 

incubation time of 30 min at 37 °C. Cells were collected by subsequent centrifugation (5 min, 

1000 rpm) and resuspended in fresh growth medium at approximately 2 × 105 cells / mL. 

Labeled cells were seeded on 16 mm cover glass circles in 12-well TC-treated microplates 

(Costar 3512), allowed to grow for 24 h at 37 °C / 5 % CO2 and then fixed with 4 % 

paraformaldehyde (in 1 × PBS) for 10 minutes, washed 3 times with 1 × PBS and then 

mounted to microscope slides using mounting medium (Aqua Poly/Mount, Polysciences). 
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7.4 Determination of Two-photon Action Cross Sections 

Two photon action cross sections were determined according to [326]. Two photon excited 

emission spectra of the aqueous nanoparticle dispersions and the respective reference 

solutions were acquired on a custom-made microscope. A Ti:Sapphire laser oscillator (Mira 

HP, Coherent Inc., USA) (FWHM ~3 ps, repetition rate of 76 MHz) with a tuning range of 

700–980 nm was used to excite the samples. The excitation light was focussed with an air 

objective (40×, NA 0.85, Leica, Germany) into the sample. Fluorescence was epi-detected 

and excitation light was filtered out with a short pass filter (ET 680SP-2P, AHF 

Analysentechnik AG, Germany). Fluorescence spectra were recorded by an EMCCD (Newton 

DU970N, Andor Technology PLC, Northern Ireland) camera coupled to a spectrograph 

(Shamrock SR-163, Andor Technology PLC, Northern Ireland) under identical conditions for 

the sample and the reference, respectively. Intensity dependent measurements were performed 

in order to confirm the quadratic dependence of the fluorescence signal as a function of 

excitation power. All samples were excited from 720 nm to 870 nm in 10 nm steps. 

Fluorescence intensities F(λreg) were obtained by integration over a 3 nm spectral window 

(λreg) of the respective two-photon excited emission spectra of sample and reference, where 

λreg is identical for sample and reference. Differential quantum efficiencies ϕ(λreg) were 

obtained by integrating the emission spectra recorded on the Hamamatsu Absolute PL 

Quantum Yield Measurement System C9920-02 over the respective λreg. Concentrations of 

the dispersions were calculated on the basis of their solids contents and particle sizes, 

assuming a particle density of 1 g mL-1. Coumarin 485 (Exciton) in methanol, coumarin 540A 

(Exciton) in tetrachlormethane and rhodamine B (rhodamine 610, Exciton) in methanol were 

used as references for dispersions of 37, 38 and 28, respectively.  

Exemplarily, the two-photon excited emission spectra of the aqueous nanoparticle dispersion 

37 and coumarin 485 both excited at 780 nm under identical conditions are shown in Figure 

34. Table 15 provides the data used for determination of two-photon action cross sections 

(additional original data is provided in the appendix, cf. section 8). 
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Figure 34. Fluorescence spectra of aqueous nanoparticle dispersion of 37 (poly-1) and 

coumarin 485 in methanol excited at 780 nm. 

 

Table 15. Data used for determination of two-photon action cross sections of dispersions of 

28, 37 and 38 nanoparticles. 

entry compound concentration quantum yield (%) λreg (nm) ϕ (λreg) 

1 37 33.9 nM 4.9 498 - 501 0.00315890 

2 38 29.7 nMa 3.0 453 - 455 0.00144370 

3 28 224.0 nM 46.4 582 - 585 0.01631093 

4 coumarin 485 1.326 mM 10.4 498 - 501 0.00368194 

5 coumarin 540A 2.598 mM 22.3 453 - 455 0.00396183 

6 rhodamin B 1.165 mM 70.0b 582 - 585 0.03526159 

a dispersion of 38 was five-fold diluted for measurement. b from J. Lumin. 1989, 44,105-
112. 
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8 Appendix 

dispersion 37 excited at 780 nm, 10 mW laser power, 100 acquisition frames à 0.2 s 
              
run 1     run 2     run 3    
              
              
              

λreg I Icorr   λreg I Icorr   λreg I Icorr  
(nm) (counts) (counts)   (nm) (counts) (counts)   (nm) (counts) (counts)  

              
497,81 717521 547677   497,81 712001 542263   497,81 723614 553669  
498,13 724469 554625   498,13 718942 549204   498,13 730742 560797  
498,44 731150 561306   498,44 725752 556014   498,44 738302 568357  
498,75 737460 567616   498,75 732262 562524   498,75 744401 574456  
499,06 742706 572862   499,06 735925 566187   499,06 746618 576673  
499,37 745647 575803   499,37 736975 567237   499,37 751290 581345  
499,69 743984 574140   499,69 736904 567166   499,69 748327 578382  
500,00 742506 572662   500,00 735681 565943   500,00 748774 578829  
500,31 739075 569231   500,31 731731 561993   500,31 744794 574849  
500,62 732070 562226   500,62 725980 556242   500,62 739823 569878  
500,93 725611 555767   500,93 715497 545759   500,93 730788 560843  
501,25 714666 544822   501,25 706727 536989   501,25 720225 550280  
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Table A1. Excerpt of two-photon excited fluorescence intensity data series (three consecutive 
measurements, runs 1 to 3) of polymer 37 nanoparticle dispersion excited at 780 nm 
highlighting the data referring to the 3 nm spectral window used for evaluation (λreg). Icorr is 
the background-corrected fluorescence intensity. Fluorescence intensities Fn(λreg) are 
calculated for each run. The arithmetic mean of Fn(λreg) from run 1 to 3 provides Fs, 37(λreg), 
which is used in equation (2). 
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coumarin 485 excited at 780 nm, 10 mW laser power, 100 acquisition frames à 1.0 s 
             
run 1     run 2     run 3   
             

λreg I Icorr   λreg I Icorr   λreg I Icorr 
(nm) (counts) (counts)   (nm) (counts) (counts)   (nm) (counts) (counts) 

             
497,81 219140 48330   497,81 219107 48310   497,81 221330 50461 
498,13 220798 49988   498,13 220857 50060   498,13 222464 51595 
498,44 221816 51006   498,44 221618 50821   498,44 223214 52345 
498,75 222823 52013   498,75 222721 51924   498,75 224670 53801 
499,06 223969 53159   499,06 223834 53037   499,06 225647 54778 
499,37 225570 54760   499,37 224177 53380   499,37 227284 56415 
499,69 226988 56178   499,69 226389 55592   499,69 228485 57616 
500,00 227342 56532   500,00 227165 56368   500,00 229306 58437 
500,31 228052 57242   500,31 227647 56850   500,31 230516 59647 
500,62 228708 57898   500,62 229172 58375   500,62 231216 60347 
500,93 230203 59393   500,93 229268 58471   500,93 231782 60913 
501,25 231263 60453   501,25 230427 59630   501,25 232568 61699 
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Table A2. Excerpt of two-photon excited fluorescence intensity data series (three consecutive 
measurements, runs 1 to 3) of coumarin 485 in methanol excited at 780 nm highlighting the 
data referring to the 3 nm spectral window used for evaluation (λreg). Icorr is the background-
corrected fluorescence intensity. Fluorescence intensities Fn(λreg) are calculated for each run. 
The arithmetic mean of Fn(λreg) from run 1 to 3 provides Fr, coumarin485(λreg). Prior to setting Fr, 

coumarin485(λreg) into equation (2), Fr, coumarin485(λreg) must be divided by factor 5 as the 
acquisition time (100 acq. × 1.0 s = 100 s) was five-fold that of the corresponding polymer 37 
nanoparticle dispersion (100 acq. × 0.2 s = 20 s). 



Appendix 

 113 

 
λex Fs,28(λreg) Fr,rhodamine B(λreg) σ2

*
s,28 

(nm) (counts) (counts) (GM) 
    

720 30394316 1408212 13536331 
730 55052889 1496307 16536867 
740 33731085 687859 17427500 
750 30544546 855653 12499891 
770 12708145 1531705 3598988 
780 5781885 1409289 2036988 
790 3149861 1484920 1219485 
800 2750575 1399369 1232729 
810 1971512 2320209 1154625 
820 788955 639855 1933245 
830 1190446 1353428 919390 
840 1771382 1755669 949155 
850 1454578 1327805 1030553 
870 492194 306409 621244 

 
Table A3. Two-photon excited fluorescence intensities of polymer 28 nanoparticle dispersion 
Fs,28(λreg) and the corresponding reference rhodamine B Fr,rhodamine B(λreg) at various excitation 
wavelengths λex, and the two-photon action cross section σ2

*
s,28 calculated thereof. 

 
 
 
 
 

λex Fs,37(λreg) Fr,coumarin 485(λreg) σ2
*
s,37 

(nm) (counts) (counts) (GM) 
    

730 2884629 37297 5529070 
740 2971866 45499 4231580 
750 3949524 62362 4951937 
770 4681136 81142 4253070 
780 5652127 112605 3700401 
790 3755065 74770 3926803 
800 4415604 112495 3244439 
810 3847781 109996 2422576 
820 1520558 35189 2509867 
830 1813882 54957 2064539 
840 904570 56298 789679 
850 653207 50381 521355 

 
Table A4. Two-photon excited fluorescence intensities of polymer 37 nanoparticle dispersion 
Fs,37(λreg) and the corresponding reference coumarin 485 Fr,coumarin 485(λreg) at various 
excitation wavelengths λex, and the two-photon action cross section σ2

*
s,37 calculated thereof. 
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λex Fs,38 Fr,coumarin 540A σ2

*
s,38 

(nm) (counts) (counts) (GM) 
    

720 10926076 600152 11134353 
730 10450408 758143 11901632 
740 13855860 1463296 9538329 
750 13205807 1602751 9781960 
770 2433510 1754796 1646393 
780 1555871 2155984 830790 
790 849216 1913576 670555 
800 419249 1294874 524168 
810 1104725 4698794 380622 
820 303337 1533496 298886 
830 610732 3503290 257141 
840 264934 1735227 208726 
850 124357 837248 170993 

 
Table A5. Two-photon excited fluorescence intensities of polymer 38 nanoparticle dispersion 
Fs,38(λreg) and the corresponding reference coumarin 540A Fr,coumarin 540A(λreg) at various 
excitation wavelengths λex, and the two-photon action cross section σ2

*
s,38 calculated thereof. 

 
 
 
 
Differential quantum efficiencies ϕ(λreg) are obtained according to the equation (A1) below 

with λreg being an appropriate 3 nm spectral window at the emission maximum of the 

respective sample, which is identical for sample and reference. If λreg covers the entire 

spectral emission range, equation (A1) gives the absolute PL quantum yield of the probe. 

Original data is presented exemplarily for polymer 37 nanoparticle dispersion (Table A6) and 

the according reference sample (Table A7). 
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∑
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∑
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747449 

ϕ(λreg = 498 – 501 nm) 0.00315890 

abs. quantum yield 0.049 

 
Table A6. Data for polymer 37 nanoparticle dispersion. 
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∑
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67331540 

∑
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nm

nm
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exc

I
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48570839 
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reg

I
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69076 

∑
=

nm

nm
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I
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1953954 

ϕ(λreg = 498 – 501 nm) 0.00368194 

abs. quantum yield 0.104 

 
Table A7. Data for coumarin 485. 
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