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1 Introduction 

1.1 Polybutadiene 

Polymerization of Butadiene 

Butadiene is an attractive monomer conveniently available from steam cracking. It can be 

incorporated into polymers in different fashions (1,2 or vinylic incorporation, 1,4-cis and 1,4-

trans incorporation; Scheme 1-1) which gives access to a wide variety of different polymer 

microstructures differing in crystallinity and mechanical as well as thermal properties.1 

Scheme 1-1. Different Incorporation Modes of Butadiene in Polybutadiene (PBD) 

 

Free radical polymerization typically affords 14% 1,4-cis, 69% 1,4-trans, and 17% 1,2 

incorporation of butadiene into the polymer chain. This type of polymerization is also 

compatible with emulsion polymerization (c.f. chapter 1.2). 

Anionic polymerization in solution with e.g. lithium initiator typically results in 50% 

1,4-trans, 10% 1,4-cis- and 40% vinylic (1,2) incorporation. Polar additives can vary the 

1,2 portion between 10 and 90%. The glass transition temperature of standard lithium-

polybutadiene is around -93 °C, but is increased up to -20 °C at 90% 1,2 ratio.1 Due to their 

high purity and consistent quality lithium type polybutadienes are used mainly as modifiers in 

other polymers like polystyrene, to increase the impact resistance. Other applications are tires 

and golf balls. 
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Catalytic polymerization with Ziegler type complexes of titanium, cobalt, nickel, and 

neodymium affords polybutadiene with predominant 1,4-cis incorporation of monomer. Glass 

transition temperatures below -100 °C result in a good flexibility also at low temperatures. 

Due to the high elasticity and abrasion resistance they are mainly used, in form of their cross-

linked derivates, in tires but also for conveyer belts, shoe soles or hose jackets. However, the 

high oxophilic nature of the early transition-metals employed requires rigorous inert reaction 

conditions and ultra high monomer purity. The use of less oxophilic late transition-metal 

based polymerization catalysts thus offers an interesting alternative. In this context, cationic 

nickel(II) complexes have been studied extensively in academia.2 Their general motif is 

[(h3-C3H5)NiL2]
+ [X] -, L being a neutral ligand and X- a negatively charged counterion. These 

catalysts show low 1,2 incorporation (around 5%) and the ratio between cis and trans 

incorporation depends on the coordination properties of the ligands and counter anions. A 

more detailed mechanistic view is given in chapter 3. 

Post-Polymerization Modifications of Polybutadiene 

Polybutadienes are well suited for post-polymerization modifications due to a reactive 

double bond in every repeating unit. The technically most important such reaction is 

vulcanization.3 Butadiene rubber thus receives its elastic properties by introduction of 

oligosulfide bridges. A large variety of further functionalization reactions of polybutadiene 

has been reported, e.g. aminomethylation, hydrosilylation, oxidation, epoxidation, or 

hydroboration.4  

Also hydroformylations of unsaturated polymers like polybutadiene in organic solution have 

been well studied, albeit full conversion of the double bonds were difficult to achieve, likely 

due to gel formation by aldol condensation especially at higher conversions.5,6 

Hydroformylation allows for the straightforward introduction of polar carbonyl moieties, 

employing simple reagents (H2, CO) an unreacted excess of which can also be easily removed.  
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The well-known addition of thiols to olefins7,8 recently termed “thiol-click” reaction, has 

lately found widespread consideration as a coupling method.9,10 The functionalization of 

polybutadienes in solution via thiol addition was studied by Schlaad et al. and Kornfield and 

coworkers.11-14 Although the reaction is accompanied by side reactions, namely ring closing 

reactions (Scheme 1-2), it can be used to introduce a wide range of different functional groups 

on the polymer chain. The mercaptyl radical, formed by abstraction of the hydrogen atom by a 

radical initiator or by an intermediately generated polymeryl radical, adds to the double bond 

in an anti-Markownikoff fashion. As a side reaction, the intermediately occuring polymeryl 

radical can add to an adjacent double bond, which results in cycle formation (Scheme 1-2).  

Scheme 1-2. Mechanism of Free Radical Mercaptan Addition to 1,2-Polybutadiene including 

Ring Closing Reactions according to Schlaad12 and Kornfield.14
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1.2 Polymerization in Disperse, Aqueous Systems 

Free-radical Emulsion Polymerization 

Emulsion polymerization of butadiene was developed for the first time during the Second 

World War as a substitute for natural rubber. Nowadays, emulsion polymerization is applied 

for a range of monomers like styrene, butadiene, acrylates or vinyl acetate on a multi million 

ton scale. Water as a continuous phase is beneficial due to its high heat capacity, and its 

nonflammability and nontoxicity. In addition to these process advantages, polymerization in 

aqueous emulsion can give access to polymer latices. Originally, the term latex referred to the 

sap-like extract of the Pará rubber tree (Hevea brasiliensis), but today it is used also for 

synthetic, colloidally stable, aqueous polymer dispersions.3 Such dispersions usually consist of 

polymer particles between 50 nm and 1 µm in size. They are stabilized electrostatically or 

sterically by, most often physically adsorbed, ionic surfactants or water-soluble or amphiphilic 

polymers on their surface, respectively. Latices can be either precipitated to isoloate the 

polymer, or used directly in applications like coatings, paints, adhesive and paper 

manufacturing. For these applications the formation of a continuous polymer film on a 

substrate upon evaporation of the aqueous medium is the key step.15 

The mechanism of emulsion polymerization is complex and details are still subject to 

debate. Nevertheless, some general features can be outlined. The term ‘emulsion’ refers to the 

initial state before the polymerization. A water-insoluble monomer is dispersed in water and 

surfactant is adsorbed on the surface of the large droplets. Additional surfactant aggregates to 

micelles. A water-soluble radical initiator reacts with monomer molecules which are present 

in a small equilibrium concentration in the aqueous phase. The short chain radical can either 

grow up to a critical chain length at which it becomes water-insoluble and collapses onto itself 

forming a new particle (“homogeneous, micellar nucleation”) or enter a surfactant micelle 
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turning it into a particle (“heterogeneous nucleation”). The likelihood of entering a monomer 

droplet is comparatively low because of the by much larger adsorption cross section of 

micelles, present at much higher number densities. The droplets thus serve as reservoirs for 

monomer which constantly diffuses to the growing particles through the aqueous phase.  

In suspension polymerization a water-insoluble monomer is also polymerized in water, 

however, the presence of surfactant is not mandatory. In contrast to emulsion polymerization, 

a monomer-soluble radical is used. The monomer droplets are the locus of reaction. As a 

consequence, the particles obtained are much larger (> 15 µm) and precipitate during 

polymerization. 

Latices of polybutadiene are accessible via free-radical emulsion polymerization, however, 

the microstructure is difficult to control (a typical microstructure is 14% 1,4-cis; 69% 

1,4-trans; and 17% 1,2), and crosslinking and gel formation can also occur.1  

Mini- and Microemulsion Polymerization 

As outlined before, emulsion polymerization requires the ability of the monomer to diffuse 

through the aqueous phase. This is not realized to a sufficient extent for very lipophilic 

monomers and, as a consequence, the low monomer concentration limits reaction rates. 

Miniemulsion polymerization can circumvent this problem. Water, surfactant and organic 

phase (mainly monomer) are exposed to high shear forces, generated e.g. by ultrasonication, 

forming very fine droplets (diameters typically ca. 100 up to several hundred nm). These are 

stabilized against Ostwald ripening by a hydrophobe and thus can be kinetically stable over 

prolonged periods. For miniemulsions, the polymerization occurs in the original droplets and 

lipophilic as well as water-soluble initiators can be employed. In the latter case, nucleation 

outside the droplets is suppressed by the high adsorption cross section of the numerous small 

droplets. Free-radical miniemulsion polymerization has been investigated extensively.16 

Typical particle sizes are in the range of the original miniemulsion droplets, however, one to 
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one polymerization of droplets to particles is the ideal case that does not apply to many real 

systems. 

A microemulsion is a thermodynamically stable mixture of at least two immiscible liquids, 

usually water and an organic liquid in the presence of a surfactant. It exists in a certain range 

of composition and a cosurfactant like an alcohol is often required to reach the microemulsion 

regime. Microemulsions form spontaneously as globular (water-in-oil or oil-in-water), 

lamellar, or irregular bicontinuous structures. For microemulsion polymerization the original 

droplets are not necessarily polymerized one to one to particles, but rather rearrangement 

occurs. Free-radical microemulsion polymerization affords particles as small as 5 - 10 nm, 

albeit it must be noted that for a given monomer amenable to classical free radical emulsion 

polymerization this procedure can not necessarily be adopted to microemulsion conditions 

straightforwardly.17 

Catalytic Emulsion Polymerization 

Transition-metal catalyzed polymerizations are largely complimentary to free-radical 

techniques in terms of the polymers accessible but provide access to a broader scope of 

microstructures. For example, the stereoregularity of the monomer incorporation or 

monomer-comonomer composition can be controlled. 

Ziegler type catalysts are used predominantly for industrial polymerization of olefins and 

dienes.3 They rely on complexes of early transition metals like Ti, Zr, Cr, or V, which are 

prone to deactivation in the presence of water due to their oxophilic nature. In contrast, 

catalyst systems based on late transition metals like Ni, Pd, Co, Ru, or Rh which are less 

oxophilic as compared to their early metal counterparts, have been employed for 

polymerization in aqueous systems. For more detailed reviews cf. [18], some catalytic 

polymerization even in aqueous (protic) media affording dispersions will be highlighted 

below. 



Introduction 

 7 

A high degree of dispersion of the initial reaction mixture is a prerequisite for obtaining 

stable latices. In this context, mini- and microemulsion techniques using hydrophobic catalyst 

precursors predominate, but also water-soluble catalyst precursors can be utilized. Most 

known polymerization catalysts are hydrophobic. The design of hydrophilic ligand systems 

that solubilize and stabilize active catalyst species in polar (protic) reaction media is a 

promising alternative to emulsion technique, but implies a considerable synthetic effort.  

In-situ prepared water-soluble nickel(II) phosphinoenolate complexes give access to 

ultrasmall polyethylene particles of low molecular weight.19 Defined water-soluble nickel(II) 

salicylaldiminato complexes ([(N^O)NiMeL] L = neutral, monodentate water-soluble ligand) 

afford surfactant stabilized high molecular weight polyethylene nanoparticles (< 20 nm).20 

Polyethylene microstructures can be varied from semicrystalline to completely amorphous by 

variation of remote substituents of the salicylaldimines.21 Analogous lipophilic nickel(II) 

salicylaldiminato complexes give access to polyethylene and polyolefin dispersions (typical 

particle size 200 nm) in miniemulsion polymerization.22 Note that miniemulsions in this case 

have a slightly different composition as ethylene is a gas under reaction conditions. A solution 

of the catalyst precursor in an organic solvent is miniemulsified, and ethylene pressure is 

applied. Microemulsion polymerization was realized with both water-insoluble nickel(II) 

phosphinoenolate and nickel(II) salicylaldiminato complexes, respectively.23  

Ring opening metathesis polymerization (ROMP) of cyclic monomers such as cyclooctene, 

1,5-cylcooctadiene, or norbornene affords polyalkenamers. Simple RuCl3 can be used as a 

catalyst precursor in principle, but the best results in terms of activity, especially with 

unstrained monomers or in the present of functional groups or protic solvents, are obtained 

with defined ruthenium alkylidenes complexes.24 Dispersions with high solids contents of 

polynorbornene were obtained with water-soluble ruthenium alkylidenes employed in 

macroemulsions.25 Miniemulsion polymerization of cyclooctene and 1,5-cylcooctadiene25 as 

well as norbornene26 was demonstrated. Commercially available metathesis catalyst 
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precursors can be employed in microemulsion polymerization of cyclooctene, cylcooctadiene, 

and norbornene to afford, again, ultra small polymer nanoparticles.23 

Norbornene can also be polymerized by an insertion mechanism with palladium catalysts.  

The use of slightly water-soluble PdCl2 in aqueous emulsion affords ultra small particle 

dispersions, however, only oligomers are obtained.27 Defined catalysts based on the 

precatalyst [(� 3-allyl)Pd(PCy3)Cl] can be miniemulsified with norbornene, and polymerization 

affords insoluble particles with a broad size distribution.28  

Strictly alternating CO/1-olefin dispersions can be prepared via a miniemulsion technique 

using lipophilic palladium precursors, or alternately with water-soluble palladium 

complexes.29 Polyacetylene and polyphenylacetylene dispersions were obtained employing 

palladium catalysts with bulky phosphine ligands in mini- or microemulsion.30 Such 

dispersions allow for processing of polymer, which are unprocessable as bulk material, as 

illustrated by ink-jet processing to circuit paths of polyacetylene dispersions. 

Different synthetic routes of catalytic polymerization of butadiene in aqueous systems are 

known. An early report describes the use of rhodium salts for the synthesis of 

1,4-trans-polybutadiene in water or other polar solvents. However, polymer yields are very 

low, and dispersions were not obtained. The nature of the catalytically active  species has 

remained unclear.31 By the aforementioned ROMP with (neutral) ruthenium alkylidene 

complexes as catalyst precursors 1,4-polybutadiene latices can be obtained with 1,5-

cyclooctadiene as a monomer.26 

The neutral cobalt complex32 [Co(C8H13)(C4H6)] in the presence of CS2 affords dispersions 

of syndiotactic 1,2-polybutadiene, using mini- or microemulsion techniques.23, 33 The catalyst 

is prepared in-situ by reduction of Co(II) salts in the presence of butadiene and CS2, which 

likely acts as a ligand. Under miniemulsion conditions polybutadiene particles around 200 nm 

in diameter are obtained.33a The polymer exhibits a high melting point of 190 °C reflecting the 

high crystallinity of the syndiotactic 1,2 enchainment. However, the high crystallinity of the 
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polymer particles disturbs film formation. Additives with an electrophilic carbon atom like 

amides can coordinate to the active species and significantly lower the crystallinity due to an 

increased incorporation of butadiene in a 1,4-cis fashion. This results in melting points as low 

as 60 to 100 °C. Another strategy to less crystalline particles is copolymerization. The catalyst 

is not able to incorporate styrene, but stable polybutadiene-co-isoprene dispersions are 

obtained, however, isoprene incorporation is low and catalyst activities are significantly 

reduced. A dispersion of ultra small (circa 14 nm) polybutadiene particles can be obtained 

form a microemulsion prepared from butadiene, water, SDS surfactant, and propanol as a 

cosurfactant with [Co(C8H13)(C4H6)] / CS2 as a catalyst system.23 As anticipated, syndiotactic 

1,2 enchainment of butadiene predominates (94% 1,2, 6% 1,4-cis). Interestingly, this results in 

a slightly lower melting point of 160 °C as compared to particles obtained from miniemulsion 

polymerization and is possibly due to a constricted crystal size.  

Cationic organometallic complexes are generally more prone to undesired reactions with 

water due to their increased electrophilicity by comparison to their neutral counterparts. Thus, 

studies of catalytic polymerization in aqueous systems in general have relied on neutral 

catalysts.18  

1.3 Post-polymerization Reactions on Polymer Nanoparticles 

Polymer nanoparticles are of broad academic and industrial interest. Beyond the 

aforementioned large scale technical applications of polymer dispersions, further examples of 

specific topics of interest are the introduction and transport of guest molecules such as poorly 

water-soluble drugs, carriers in aqueous multiphase catalysis, or homogeneous incorporation 

of functional molecules into solid materials.34 In many cases, nanoscale entities of < 30 nm 

size are desirable. Also, the presence of the particles as aqueous dispersion is required.  
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Both dendrimers and polymer aggregates have been studied as hosts for small molecules 

due to their ability to form amphiphilic structures with an apolar interior and a polar 

periphery.34a-e, g-i The multistep synthesis for preparing dendrimers, as well as the strong 

dependence of size and structure of polymer aggregates on external conditions like 

concentration or temperature, can be a limitation. An alternative are polymer nanoparticles 

prepared by the aforementioned heterophase polymerization. Very small polymer particles 

(< 30 nm) are accessible with water-soluble catalyst precursors, or by free-radical or catalytic 

microemulsion polymerization. While catalytic polymerization allows for microstructure 

control, it is largely limited to apolar hydrocarbon monomers.35 Post-polymerization 

functionalization of these nanoparticles could overcome this limitation.  

Despite the large number of reports on post-polymerization functionalization in organic 

solvents, only few modifications were studied in aqueous dispersion. In modification reactions 

of polymer nanoparticles, their efficiency and colloidal stability of the product nanoparticles 

are obviously central issues. Amongst others, conversion efficiency will depend on the 

miscibility of the polymer phase with the reagents employed, and the accessibility of surface 

reactive groups. Both complete conversion, or surface modification are possible. 

Complete hydrogenation of polybutadiene in the form of aqueous dispersion has been 

demonstrated, however, hydrogenation does not incorporate functional groups.36 

Hydroformylation, in contrast, was employed to introduce polar carbonyl groups.36d, 37 

Regarding the post-polymerization modification of nanoparticles by high-yielding reactions, 

in addition to established coupling methods of carboxylic acid derivatives, Huisgen azide 

alkyne cycloaddition on small entities such as gold, silica or also polymer nanoparticles for 

modification of their surface is well documented.38 The thiol-ene reaction appears a useful 

extension of the methods available for the post-polymerization reaction of polymer 

nanoparticles in that it can be applied to and is compatible with other reactive groups, and in 

some cases the absence of added metal catalysts employed for promoting the alkyne-azide 
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addition can be advantageous. Notably, the thiol-ene reaction has recently been employed for 

surface grafting of poly(divinylbenzene) microparticles with short-chain, thiol-end-capped 

polymers,39 and of poly(divinylbenzene) particles of 100 nm size with embedded smaller 

inorganic particles.40 
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2 Objective 

Butadiene is a readily available monomer. Due to the different modes of incorporation, 

1,4-cis, 1,4-trans, and 1,2 (vinylic) in the polymer chain, polybutadienes cover a wide range of 

glass transition temperatures and crystallinities, and thus material properties. Also, the 

presence of a double bond in every repeat unit renders polybutadiene amenable to a variety of 

post-polymerization reactions. These properties are of particular interest for polybutadienes in 

the form of aqueous dispersions. However, established free-radical emulsion polymerization 

provides dispersions of polybutadiene with a given, invariable microstructure. 

The aim of this work was therefore the generation of polybutadienes with variable 

microstructures by novel catalytic emulsion polymerizations. This required, amongst others 

the finding of appropriate catalysts. Further, modification of the resulting dispersions by 

post-polymerization reactions, particularly with respect to introducing polar moieties to the 

apolar polybutadiene nanoparticles was sought. 
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3 Polymerization of Butadiene in Aqueous Systems with 

Cationic Nickel(II) Complexes 

Cationic Ni(II) complexes of the type [(h3-C3H5)NiL2]
+ [X] -, L being a neutral ligand and X- 

a negatively charged counterion, are well known to be highly active for 1,4-polymerization of 

butadiene in nonaqueous solution. Thes cis/trans selectivity depends strongly on the 

coordination properties of both ligands and counterions. Neutral complexes of the 

late-transition metal nickel were already employed successfully in aqueous systems for 

polymerization of olefins. Therefore, this type of complexes was considered as possible 

candidates for emulsion polymerization of butadiene. 

3.1 Complexes 

Complex 1 and analogs of 2 with other counterions are known to polymerize butadiene and 

other dienes with a high activity in organic solvents.2,41 For a complex [(h3-C3H5)NiL2]
+A- as 

a catalyst precursor, formation of the polymerization-active species requires that sites for the 

coordination of monomer are provided by dissociation of L.2 Complexes 1, 2 and 3, 

respectively, all contain relatively weakly binding ligands L, a single h6-coordinating arene in 

1 and two monodentate SbPh3 ligands in 2 and 3. The noncoordinating BArF
4
- 

(ArF = 3,5-(CF3)2C6H3) counterion provides solubility in organic solvents. The 

Al(OC(CF3)3)4
- anion has been suggested recently as an alternative to commonly used borate 

anions.42 

Complex 1, with BHT (BHT = 3,5-di-tert-butyl-4-hydroxytoluene) as a h6-ligand, was 

prepared according to a known procedure.41 Analogs of complex 2 and 3 with the weakly 

coordinating counterions PF6
- and BF4

- have been reported previously.43 One of the synthesis 

procedures reported already suggests some stability of the cation toward water: a solution of 
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the presumably intermediately formed [(h3-C3H5)Ni(SbPh3)2]X (X - = halide) exchanges its 

anion with an aqueous NaPF6 solution. However, the contact to water was minimized as the 

product [(h3-C3H5)Ni(SbPh3)2]PF6 immediately precipitated. 2 and 3 were obtained by 

reaction of [{(h3-C3H5)NiCl} 2] with SbPh3 and NaBArF4, or Li[Al(OC(CF3)3)4] respectively, 

in diethyl ether. 

Ni
SbPh3

SbPh3

BArF
4Ni

OH

BArF
4

1 2
ArF = 3,5-(CF3)2C6H3

Ni
SbPh3

SbPh3

Al(OC(CF3)3)4

3  

The molecular structure of 3 was determined by single crystal X-ray crystallography (Figure 

3-1).44 The coordination environment of the Ni(II) center is symmetrical as expected, with 

Ni-C1 2.0501 (0.0055) � , Ni-C3 2.0325 (0.0062) � , and Ni-Sb1 2.4617 (0.0007) � , Ni-Sb2 

2.4599 (0.0007) �  (Sb1-Ni-Sb2 103.23 (0.03)°). The central carbon atom of the allylic moiety 

was found to be disorderd (Ni-C2a 2.0205 (0.0096) �  and Ni-C2b 2.0099 (0.0154) �  with 

60% C2a and 40% C2b). No strong cation-anion interaction is evident from the structure in 

the solid state. 
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Figure 3-1. X-ray diffraction analysis of complex 3 (50% ellipsoids, H-atoms omitted for 

clarity). The solid-state structure is disordered with C2 occupying two split positions. 

3.2 1H NMR studies of Reactivity towards Water 

1H NMR studies were carried out in order to survey the reactivity of 1 and 2 toward water. 

Exposure of 1 to 10 equivalents of water in CD2Cl2 solution at room temperature results in 

decomposition within minutes, to form a black solid and the free arene.i 

Complex 2 stays intact under identical conditions. The 1H NMR signals, including those of 

the characteristic allylic system, remain unaltered. Also macroscopically no change is 

observed, the solution remains colored intensely red, and no precipitate is formed. 

Interestingly, the reactivity of 2 toward butadiene is different in the absence and in the 

                                                 

(i) Intermittently signals of a new allylic system are observed: 1H NMR (CD2Cl2, 25°C, 400 

MHz): �  5.88 (tt, J = 13 Hz, J = 6 Hz), 3.04 (d, J = 6 Hz), 2.04 (d, J = 13 Hz). It is 

speculated that these signals arise from a complex in which water acts as a coordinating 

ligand. 
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presence of traces of water (Figure 3-2). In both cases, addition of butadiene results in an 

immediate change of the signals of the SbPh3 ligand and the disappearance of the allylic 

signals of 2. Presumably, displacement by the monomer (and/or the unsaturated moieties in 

the growing polymer chain) occurs. In the absence of water, 2 rapidly polymerizes butadiene 

to 1,4-cis-polybutadiene, as expected for Ni(II) complexes with weakly coordinating ligands 

and anions.2 Polymerization is also observed immediately in the presence of water after the 

addition of butadiene, but at a lower rate. Strikingly, the polymer formed largely consists of 

1,4-trans repeat units, as evidenced by the different shape of the signals of both the methylene 

and methine protons (Figure 3-2). 

Butadiene can coordinate in two different modes forming an anti and a syn-butenylnickel(II) 

complex (cf. Scheme 3-1). The cis-trans selectivity depends kinetically on the reactivity of 

these complexes and thermodynamically on the concentration of both. In general, a higher 

trans selectivity is accompanied with a decrease in activity.2 A strongly coordinating ligand 

can shift the selectivity toward trans. A possible explanation for the preference for 

trans-incorporation in the presence of water is coordination of water to the active species. 
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Scheme 3-1. Simplified Mechanistic Scheme for the 1,4-Polymerization of Butadiene with 

Cationic Allylnickel(II) Complexes according to Taube2 
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Figure 3-2. Reactivity of complex 2 toward butadiene in the absence (top) and in the presence 

(bottom) of water (400 MHz 1H NMR spectra, 500 µL CD2Cl2; 25 °C; initial concentrations 

of [2] ca. 40 mmol L-1; [butadiene] ca. 240 mmol L-1). 
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3.3 Polymerization Studies 

Solution Polymerizations 

Polymerization activities observed with 2 and 3 as catalyst precursors in dry solvents 

(entries 1-4 and 1-7 in Table 3-1) are comparable to activities reported for analogous SbPh3 

complexes with other noncoordinating counterions under similar conditions.43 The activity of 

2 is lower in the presence of added water, and a higher trans incorporation is observed. 

Polymer analysis revealed that the degree of trans incorporation correlates with the solubility 

of water in the organic solvent utilized (entries 1-5 and 1-8 in Table 3-1) (solubility of water 

in toluene 0.06 wt.-%, in methylene chloride 1.6 wt.-% at 30 °C).45 An increase of the 

polymerization time from the standard 30 min to 4 h in the presence of water (entries 1-5 and 

1-6 in Table 3-1) resulted in a similar conversion and overall catalyst productivity in terms of 

monomer converted per metal center present in the reaction mixture as in the absence of water 

(entry 1-4 in Table 3-1). That is, the polymerization is slower in the presence of water, but the 

catalyst remains intact at least partially over prolonged time under these conditions. 

Under water-free conditions the catalyst formed from complex 1 is somewhat more active 

than 2, as previously reported (entry 1-1 in Table 3-1).41 The polymerization proceeded with a 

strong exotherm, the temperature rising by 25 °C within minutes despite cooling of the 

reactor. In this case, the observed catalyst activity is limited by the complete consumption of 

butadiene. The effect of water on the polymerization with 1 is more pronounced than with 2. 

When water is added to 1 directly before starting of the polymerization (entry 1-2 in Table 

3-1) a limited conversion of butadiene is observed. This is likely due to a decomposition of 

this catalyst precursor by water, as observed in the aforementioned NMR studies. 

Accordingly, exposure of 1 to water for 15 min prior to polymerization results in a further 

lowering of butadiene conversion (entry 1-3 in Table 3-1). 
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Table 3-1. Solution Polymerizationa of Butadiene with 1, 2 and 3. 

no complex 

([� mol]) 

solvent BD 

[g] 

PBDb [g] 

(yield [%]) 

TON 

[mol(BD)/mol(Ni)] 

Mn (Mw/Mn)
c 

[103 g mol-1] 

vinyl/trans/cisd 

1-1 1 (25) toluene 15 15.0 (100) 1.1×104 34 (4.4) 4/4/92 

1-2 1 (25) toluene + watere 15 4.2 (28) 3.1×103 11 (1.8) 4/7/89 

1-3 1 (25) toluene + waterf 13 2.3 (18) 1.7×103 11 (1.8) 4/6/90 

1-4 2 (25) toluene 13 10.3 (79) 7.6×103 31 (3.0) 4/3/93 

1-5 2 (25) toluene + watere 16 5.8 (36) 4.3×103 12 (2.0) 4/6/89 

1-6 2 (25) toluene + watere 15 9.7 (66) 7.2×103 8.0 (2.2) 4/8/88 

1-7 2 (25) CH2Cl2 11 7.8 (71) 5.8×103 12 (2.5) 4/3/93 

1-8 2 (25) CH2Cl2 + watere 16 1.3 (8) 1.0×103 5.0 (1.9) 4/13/83 

1-9 3 (25) toluene 13 11.5 (88) 8.5×103 35 (3.5) 4/3/93 

a: reaction conditions and procedure: 1, 2 or 3, respectively, dissolved in 100 mL of the organic solvent, where 
applicable addition of approx. 2 mL of water, addition of butadiene, polymerization for 30 min (4 h for entry 1-6) 
at 25 °C. b: isolated by precipitation with methanol. c: determined by GPC vs. polystyrene standards. 
d: determined by IR. e: addition of 2 mL of water directly before polymerization. f: addition of 2 mL of water 
15 min before polymerization. 

Suspension Polymerization 

A certain degree of stability of the catalyst toward water is a prerequisite for 

polymerizations in disperse aqueous systems such as suspension polymerization. This can be 

realized by a nonaqueous prepolymerization followed by the actual suspension 

polymerization. 1 or 2 were dissolved in a small amount of a mixture of methylene chloride 

and toluene, which is a solvent for the complex as well as for the polymer formed in the next 

step. A small amount of butadiene was added, resulting in polymerization (cf. Table 3-2 for 

details). After this prepolymerization in the absence of water, water and further butadiene 

were added, and the mixture was stirred vigorously. Polymerization continues, with rates and 

conversions comparable to solution polymerizations in the absence of water (Table 3-2, 

entries 2-1 and 2-2, vs. 1-1, 1-4 and 1-7). The hydrophobic polymer formed in the 

prepolymerization appears to hinder the access of water to the active species to a certain 
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extent. As in the aforementioned solution polymerizations with added water, a slightly higher 

trans incorporation is observed by comparison to polymerizations in the absence of water. 

Due to the high heat capacity of water, the reaction temperature can be controlled well, also 

a low viscosity of the reaction mixture can be maintained. When stirring is stopped at the end 

of the suspension polymerization the highly viscous, liquid polymer phase readily separates 

from the aqueous phase. For all polymers obtained from the solution and suspension 

polymerizations a glass transition temperature around -100 °C is observed in DSC, as 

expected for polybutadienes with a high 1,4-cis content. 

Table 3-2. Suspension Polymerization and Emulsion Polymerization with Prepolymerizationa 

of Butadiene. 

no complex 

([� mol]) 

BD 

[g] 

aqueous 
phase 

PBDb  

[g] (yield %) 

TON 

[mol(BD)/mol(Ni)] 

Mn (Mw/Mn)
c 

[103 g mol-1] 

vinyl/trans/cisd 

2-1 1 (20) 2.5 + 23 water 17.5 (69) 1.6×104 23 (3.2) 3/5/92 

2-2 2 (20) 2.9 + 25 water 18.2 (65) 1.7×104 24 (2.8) 4/6/90 

2-3 1 (20) 3.7 + 11 water/SDS 5.5 (37) 1.7×103 22 (2.7) 3/13/84 

2-4 1 (20) 2.2 + 11 water/SDS/ 
sonication 

0.6 (5) 5.6×102 n.d. n.d. 

a: reaction conditions and procedure: 1 or 2, respectively, dissolved in 0.5 mL of methylene chloride and 5 mL 
of toluene (1 mL of methylene chloride and 20 mL of toluene for entry 3 and 4), prepolymerization at 20 °C with 
small amount of butadiene for 4 min, then addition of 100 mL of water, or 120 mL of water and 0.9 g SDS, 
respectively, and large amount of butadiene under stirring, 1 min of sonication where applicable (entry 2-4), 
suspension or emulsion polymerization for 1 h (entries 2-1, 2-2) or 4 h (entries 2-3, 2-4), respectively, at 20 °C. 
b: isolated by precipitation with methanol. c: determined by GPC vs. polystyrene standards. d: determined by IR. 

Emulsion Polymerization with Prepolymerization 

Most commonly surfactants, which are physically bound to the polymer particle surface, are 

employed in emulsion polymerization to colloidally stabilize the polymer particles formed. To 

probe for any conceivable unfavorable interaction of surfactants with the cationic catalyst, 

SDS surfactant was added with the aqueous phase under conditions otherwise identical to the 
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aforementioned suspension polymerization with 1 (entry 2-3, Table 3-2). Butadiene 

polymerization proceeded, but the conversion was significantly lower than in the absence of 

surfactant, despite a longer reaction time. As expected, the polymer is formed as a colloidally 

instable macroemulsion, which exhibits strong skimming after stopping of the stirrer. A direct 

interaction of the cationic nickel center and the surfactant anion appears unlikely as the reason 

for the lower activity. The experiment was repeated with other surfactants including nonionic 

surfactants (Dowfax, Lutensol, Plantacare), but in all cases the catalyst productivity and 

monomer conversion was equal to or even lower than with SDS.  

To obtain a polymer latex, a high degree of dispersion of the catalyst in the initial 

polymerization mixture is a prerequisite.46 This can be realized for the lipophilic catalyst 

precursors studied by miniemulsification of the solution obtained from prepolymerization in 

the absence of water. The latter solution was ultrasonicated with an aqueous SDS solution and 

additional butadiene (entry 2-4, Table 3-2). No further butadiene polymerization appears to 

occur in the emulsion obtained. As a product a stable latex was obtained, however this is a 

secondary dispersion of the polymer formed during the nonaqueous prepolymerization rather 

than an emulsion polymer. Creation of a large interface between organic and aqueous phase 

and the intimate mixing during sonication likely result in catalyst decomposition by water.  

Emulsion Polymerization without Prepolymerization 

In accordance with these considerations, a similar procedure without nonaqueous 

prepolymerization, namely miniemulsification by ultrasonication of mixture of a solution of 2 

in methylene chloride, butadiene, and an aqueous SDS solution resulted in the formation of 

traces of polymer only. When an analogous procedure was conducted with pentane, in which 2 

is completely insoluble, instead of methylene chloride, substantial amounts of polymer were 

obtained indeed, however in the form of coagulate.  
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Stable polybutadiene latices could be obtained by fine-tuning the conditions such that the 

precatalyst is only slightly soluble, and dissolved only to a small part in the initial mixture 

(Table 3-3). Mixing of complex 2 with a small amount of toluene insufficient for complete 

dissolution of 2 resulted in a dark red solution with a yellow solid. Upon stirring vigorously 

with excess water the red color remains, indicating the presence of intact complex. This is also 

the case after miniemulsification, and discoloring only occurs after polymerization upon 

releasing residual butadiene pressure and exposure to air. 

A possible explanation is that the insolubility of the catalyst precursor, which results in a 

low reactivity, largely prevents decomposition during the miniemulsification step. The active 

species (cf. Scheme 3-1) may be more prone toward decomposition by water, particularly 

during the vigorous mixing conditions of miniemulsification, than 2. Dissolution of the 

catalyst precursor to the active Ni-polymeryl species occurs relatively slowly and only after 

the miniemulsification step, in the organic droplets generated. The solubility of the precatalyst 

needs to be balanced subtly, as complete insolubility results in colloidal instability of the 

product reaction mixture as outlined. The importance of catalyst solubility is underlined by 

polymerization experiments conducted with 3. The Al(OC(CF3)3)4
- anion provides a higher 

solubility in toluene. Accordingly, polymer yields under identical conditions are significantly 

lower.  

The polymer from all emulsion polymerizations with partly dissolved 2 or 3 is formed as a 

stable dispersion, only samples with the highest solids content exhibited a very slight 

skimming. Remarkably, the polymers formed contain 1,4-trans repeat units predominantly 

(Table 3-3). The high degree of dispersion present in the emulsion system appears to promote 

interaction of the catalyst with water to such an extent that the microstructure is entirely 

altered. A conceivable radical polymerization mechanism appears unlikely as 1,2 

incorporation remains much lower (4%) than would be expected for a radical polymerization.1 
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Indeed, comparative free-radical emulsion polymerizations of butadiene (e.g. 25 °C or 50 °C; 

initiator WAKO VA-044 = 2,2'-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride; SDS 

surfactant) and analysis of the polymer formed in our hands afforded a 1,2-content of 21% and 

17% respectively (for selected IR spectra see supplementary material). Catalytic emulsion 

polymerization also occurred in the presence of 2 eq. of BHT radical inhibitor. The 

microstructure is unaffected by the presence of BHT (4% 1,2). As expected, polymerization 

rate is reduced (ca. fivefold) as BHT can coordinate to the NiII center (cf. complex 1). 

As stated previously, the turnover frequency for catalytic 1,4-trans polymerization with 

cationic nickel(II) complexes tends to be much lower than for 1,4-cis polymerization. The 

system studied is among the most active reported to date for trans polymerization.2 Number 

average molecular weights of the polybutadienes obtained are several 104 g mol-1. 
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Table 3-3. Emulsion Polymerizationa without Prepolymerization of Butadiene with 2 and 3. 
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3-3) in the organic solvent and 0.2 mL hexadecane, addition of 0.9 g SDS in 120 mL water and butadiene, 2 min 
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mL hexadecane, addition of 2.25 g SDS in 300 mL water and butadiene, 2 min US, 25 °C. Entry 3-7: further 
addition of butadiene after 30 min. b: isolated by precipitation with methanol. c: determined by GPC vs. 
polystyrene standards. d: determined by IR. 
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The catalyst remains active for at least 30 min (entry 3-2 vs. 3-3; and entry 3-7, Table 3-3). 

Overall catalyst productivity and polymer yields were higher (entries 3-4 to 3-7), when the 

reaction was performed on a larger scale of 300 mL and with a correspondingly increased 

amount of catalyst and monomer. 

Complex 1 was deactivated under similar conditions due to its higher sensitivity to water. 

3.4 Polymer Properties 

The high trans content results in a semicrystalline solid polymer. 1,4-trans polybutadiene is 

known to exist in a monoclinic form at room temperature and to undergo a crystal to crystal 

transition at elevated temperature to form a hexagonal form, which subsequently melts.47 The 

equilibrium phase transition temperature was calculated to be 83 °C for 100% 1,4-trans 

polybutadiene, and the equilibrium melting temperature to be 164 °C.48 In differential 

scanning calorimetry (DSC) the polymers from polymerization in emulsion show an 

endothermic peak ranging between 47 °C and 49 °C which can be associated with the change 

of the unit cell, and a broader endothermic peak between 70 °C and 80 °C when melting 

occurs. It is well-known for 1,4-trans polybutadiene, that the phase transition temperature 

depends not only on the stereo errors but that there is a strong influence of the thickness of the 

lamellae. More than one phase transition temperature can be observed if the polymer consists 

of lamellae of different thickness. It is evident from the first heating trace that the polymer is 

generated in emulsion in the monoclinic form. However, the endothermic peak is slightly 

broader than in the second heating which could be assigned to lamellae of different thickness. 

The melting temperature is lower by comparison to the calculated equilibrium melting 

temperature of 1,4-trans-polybutadiene due to the presence of cis and 1,2 repeat units.  
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Figure 3-3. Differential scanning calorimetry of 1,4-trans-polybutadiene synthesized via 

emulsion polymerization without prepolymerization (entry 3-6, Table 3-3). 

The stable, opaque white polybutadiene latices contain particles of around 200 nm size, as 

observed by TEM (Figure 3-4). The particles are not featureless but appear to consist of 

several staggered layers. This is thought to originate from the crystalline nature of the polymer 

as 1,4-trans polybutadiene crystallizes in lamellae.  

 

Figure 3-4. TEM images of 1,4-trans-polybutadiene particles prepared in emulsion (entry 

3-6, Table 3-3). 
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Electron diffraction (ED) analysis of a latex particle affirms the crystalline nature (Figure 

3-5). It has been shown that under the radiation of electron beam during the ED investigation 

of 1,4-PBD the phase transition from monoclinic to hexagonal crystal form occurs.49 As a 

consequence usually a coexistence of both ED patterns is observed. In order to delay the phase 

transition process and minimize the damage of the electron beam to the packing order of  the 

crystal, the sample was cooled down to -64 °C using a cryo sample holder and the TEM was 

directly set to the selected-area electron diffraction mode. Figure 5 shows the ED pattern from 

a single crystal or some lamellae with the same orientation corresponding to the (001) zone of 

a monoclinic crystal with the spots from (200), (120) and (040) planes. 

 

Figure 3-5. Electron diffraction pattern of a monoclinic 1,4-trans-polybutadiene particle 

prepared via emulsion polymerization (entry 3-6, Table 3-3). 

3.5 Summary and Conclusions 

Catalytic polymerizations can be carried out in disperse aqueous systems with cationic 

Ni(II) complexes. Polybutadienes with number average molecular weights of typically 

3×104 g mol-1 are obtained. A subtle balance of the solubility of the catalyst precursor during 
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the different stages of the polymerization is required in order to obtain colloidally stable 

polymer dispersions. A predominant insolubility during the dispersing step is believed to 

prevent decomposition of the catalyst precursor and/or polymerization-active species, 

subsequent gradual complete dissolution by formation of the polymerization-active 

Ni-polymeryl species is thought to occur. By contrast to polymerization in the absence of 

water, or polymerization in aqueous suspension, in the highly disperse emulsion system 

incorporation of butadiene occurs in a 1,4-trans fashion predominantly. This is likely due to 

coordination of water as a ligand in the active species. This provides access to dispersions of 

semicrystalline polybutadiene with a low vinyl content of ca. 5%. 

3.6 Experimental Section 

General Considerations 

All syntheses and the handling of Ni(II) complex solutions were carried out under inert gas 

atmosphere using standard Schlenk and glovebox techniques. Toluene and diethyl ether were 

distilled from sodium, methylene chloride from CaH2 under argon. Pentane was passed 

through columns with molecular sieves and copper catalyst (BASF R 3-11). Demineralized 

water was degassed by distillation under a steady flow of nitrogen. Hexadecane was degassed 

via several freeze-pump-thaw-cycles. Butadiene 2.5 was purchased form Air Liquide. NMR 

spectra were obtained with a Varian Unity INOVA 400 or with a Bruker Avance DRX 600 

spectrometer, 1H and 13C NMR chemical shifts were referred to the solvent signal. DLS was 

performed on a Malvern instrument with 173° back scattering. DSC was carried out on a 

Netzsch F1 at a heating/cooling rate of 10 K/min on approximately 5 mg of polymer (Tg, Ttr 

and Tm given are from the second heating curves). GPC analyses were performed with a 

Polymer-Laboratories GPC50 instrument with refractive index detection equipped with two 

Mixed C columns in THF at 50 °C against polystyrene standards. IR spectra of the pure 
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polymer were recorded on a Perkin Elmer Spectrum 100 with an ATR sampling accessory; 

quantitative analyses were calculated according to [50]. TEM was carried out on a Zeiss Libra 

120 instrument operated at 120 kV acceleration voltage. Electron diffraction patterns were 

recorded at -64 °C using a Gatan low temperature sample holder. 1 was prepared according to 

a reported procedure.41 [{( h3-C3H5)Ni(� -Cl)} 2] was obtained from MCAT, Konstanz, 

Germany, Li[Al(OC(CF3)3)4] from IoLiTec Ionic Liquids Technologies, Denzlingen, 

Germany. 

Synthesis of [(hhhh3-C3H5)Ni(SbPh3)2]BAr F
4 (2) 

In a Schlenk flask 108 mg (0.4 mmol) of [{(h3-C3H5)Ni(� -Cl)} 2], 572 mg (1.62 mmol) 

triphenylantimony and 718 mg (0.81 mmol) of Na[B(3,5-(CF3)2C6H3)4]
51 were combined. 

10 mL of cold diethyl ether were added at -60 °C, and the dark red solution was stirred for 2 h 

while slowly warming to room temperature. The solvent was removed under vacuum. The 

residue was dissolved in 10 mL of dichloromethane, and filtered over a pad of celite. The 

solvent was removed in vacuum and the residual solid was washed twice with 10 mL of 

pentane. The product is obtained as a brown powder in 91% yield (1.21 g). Yellow to red 

crystals can be obtained from a diethyl ether solution by addition of pentane.  

1H NMR (CD2Cl2, 25 °C, 400 MHz): �  2.96 (d, 2 H, Hanti , 
3J = 14 Hz), 4.57 (d, 2 H, Hsyn, 

3J = 7 Hz)  ̧5.60 (tt, 1 H, Hcentral,
 3J = 14 Hz, 3J = 7 Hz), 7.17 (m, 12 H), 7.29 (m, 12 H), 7.44 

(m, 6 H), 7.56 (s, 4 H, BArF), 7.73 (s, 8 H, BArF). 

13C NMR (CD2Cl2, 25 °C, 151 MHz): �  162.4 (q, BArF, 1JCB = 50Hz), 135.9 (Carom), 135.4 

(BArF), 131.5 (Carom), 130.6 (Carom), 130.5 (Carom), 129.5 (q, BArF, 2JCF = 32 Hz), 125.4 (q, 

CF3, 
1JCF = 273 Hz), 118.1 (m, 4JCF = 4 Hz ,BArF), 107.3 (Callyl), 63.7 (Callyl). 

Analysis Calc. for C71H47BF24NiSb2: C 51.09%, H 2.84 %. Found: C 51.18%, H 2.90%. 
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Synthesis of [(hhhh3-C3H5)Ni(SbPh3)2]Al(OC(CF 3)3)4 (3) 

In a Schlenk flask 67.6 mg (0.25 mmol) of [{(h3-C3H5)Ni(� -Cl)} 2], 353.1 mg (1.00 mmol) 

triphenylantimony and 487.0 mg (0.50 mmol) of Li[Al(OC(CF3)3)4] were combined. Cold 

diethyl ether (20 mL) was added at -60 °C, and the dark red solution was stirred for 4 h while 

slowly warming to room temperature. The solvent was removed under vacuum. The residue 

was dissolved in 10 mL of dichloromethane, and filtered over a pad of celite. The solvent was 

reduced in vacuum to approximately 3 mL and layered with 30 mL of pentane. The desired 

complex slowly crystallized overnight at -30 °C, the supernatant solvent was removed and the 

crystals were washed three times with pentane and dried in vacuum. The product is obtained 

as red to yellow crystals in 80% yield (709 mg).  

1H NMR (CD2Cl2, 25 °C, 400 MHz): �  2.96 (d, 2 H, Hanti , 
3J = 14 Hz), 4.47 (d, 2 H, Hsyn, 

3J = 7 Hz)  ̧5.62 (tt, 1 H, Hcentral,
 3J = 14 Hz, 3J = 7 Hz), 7.17 (m, 12 H), 7.29 (m, 12 H ), 7.45 

(m, 6 H). 

19F NMR (CD2Cl2, 25 °C, 188MHz): �  -76 (s, CF3). 

13C NMR (CD2Cl2, 25 °C, 151 MHz): �  135.9 (Carom), 131.7 (Carom), 130.6 (Carom), 130.1 

(Carom), 121.9 (q, Al(OC(CF3))4, 
1JCF = 293 Hz), 109.8 (Callyl), 79.6 (b, Al(OC(CF3))4), 65.2 

(Callyl). 

X-ray Crystal Structure Determination of [( hhhh3-C3H5)Ni(SbPh3)2]Al(OC(CF 3)3)4 (3) 

The data collection was performed at 100 K on a STOE IPDS-II diffractometer equipped 

with a graphite-monochromated radiation source (�  = 0.710 73 Å) and an image plate 

detection system. A crystal mounted on a fine glass fiber with silicon grease was employed. 

The selection, integration, and averaging procedure of the measured reflex intensities, the 

determination of the unit cell dimensions by a least-squares fit of the 2Q values, data 

reduction, LP correction, and space group determination were performed using the X-Area 

software package delivered with the diffractometer. A semiempirical absorption correction 
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was not performed. The structure was solved by direct methods (SHELXS-97), completed 

with difference Fourier syntheses, and refined with full-matrix least-squares using 

SHELXL-97 minimizing w(Fo
2 - Fc

2)2. Weighted R factor (wR) and the goodness of fit S are 

based on F2; the conventional R factor (R) is based on F. All non-hydrogen atoms were 

refined with anisotropic displacement parameters. All scattering factors and anomalous 

dispersion factors are provided by the SHELXL-97 program. The hydrogen atom positions 

were calculated geometrically and were allowed to ride on their parent carbon atoms with 

fixed isotropic U11 = 0.02. 

Polymerizations 

Polymerizations were carried out in a 500 mL glass pressure reactor equipped with a 

mechanical stirrer (500 rpm) and with a cooling/heating jacket supplied by a thermostat 

controlled by a thermocouple dipping into the polymerization mixture. Optionally, the two 

phase system was homogenized by means of an ultrasound sonotrode mounted in the reactor 

(operated at 120 W, 2 min). 

For solution polymerization complex 1, 2 or 3 was dissolved in the respective solvent or 

solvent plus water, the solution was cannula transferred into the reactor and butadiene was 

added. 

For suspension polymerization 20 � mol of the respective complex were dissolved in a 

mixture of 0.5 mL of methylene chloride and 4 mL of toluene, and cannula transferred into the 

reactor at 20 °C. A small fraction of butadiene was added and the prepolymerization was 

allowed to continue for 4 min under stirring with a magnetic stirring bar. Then water 

(100 mL) was pumped in under stirring with the mechanical stirrer (500 rpm), and further 

butadiene was added. The polymerization was allowed to continue for an hour. 

For emulsion polymerization SDS was dissolved in water and complex 2 or 3 were 

separately dissolved/dispersed in the respective organic solvent mixture. The surfactant and 
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the catalyst solution/dispersion were cannula transferred into the reactor at 20 °C. Butadiene 

was added under stirring (500 rpm) and sonication was immediately applied for 2 min. The 

temperature was set to 25 °C.  

All polymerization experiments were stopped by releasing the residual pressure, applying 

vacuum several times, and exposing to air. For analysis of the bulk properties the polymer 

solution or latex was poured into methanol containing BHT as a stabilizer. The supernatant 

solvents were decanted or filtered off, and the polymer was washed with methanol and dried 

over night at 50 °C under vacuum. 

For TEM analysis one drop of the diluted dispersion was deposited on a carbon-coated 400 

mesh copper grid and allowed to dry at room temperature. 
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4 Post-polymerization Modification of Particle Polarity 

Catalytic polymerization in aqueous systems is an effective way for the synthesis of apolar 

nanoparticles. Direct incorporation of functional groups is difficult, however, due to the 

sensitivity of the catalytically active metal sites towards polar-substituted monomers. 

Post-polymerization modification is an alternative route for functional group-containing 

nanoparticles. 

4.1 Hydroformylation 

Colloidally stable aqueous dispersions of 13-15 nm nanoparticles of semicrystalline, 

syndiotactic polybutadiene (97% 1,2 and 3% 1,4-cis as determined by IR spectroscopy50; 

Mn 3.4 × 104 g mol-1; Mw/Mn 2.1) were prepared by cobalt-catalyzed microemulsion 

polymerization of butadiene.23 For hydroformylation in the nanoparticles, to a 1,2-

polybutadiene dispersion of typically 2 wt.-% polymer solids content was added 

[Rh(CO)2(acac)] / PPh3 (P:Rh 4:1 molar ratio), and the dispersion was exposed to H2/CO 

(1:1) pressure (Scheme 4-1, Table 4-1). 

Scheme 4-1. Hydroformylation of 1,2-Polybutadiene Dispersions 
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Figure 4-1. IR spectra of 1,2-polybutadiene starting material (bottom), and completely (top) 

and ca. 50% converted (center) products. 

Hydroformylation is evidenced by the observation of the nCO band at 1720 cm-1 in IR 

spectra of the isolated polymers (Figure 4-1). The reduction of the intensity of the band at 

905 cm-1 (deformation characteristic of the vinyl group) provides an estimate of the degree of 

conversion of the double bonds. Partial hydroformylation occurred even at mild conditions of 

only 40 °C and 20 bar (entry 1). Temperature proved to be a convenient parameter to control 

the degree of hydroformylation. Varying the reaction temperature in the range from 40 °C to 

60 °C afforded partially functionalized polymer particles with ca. 10% to 80% degree of 

functionalization (entries 2 to 4). At elevated temperature and pressure (80 °C and 60 bar) 

essentially complete conversion of the double bonds occurred.  
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Table 4-1. Synthesis Parametersa and Properties of Nanoparticle Dispersions 

entry temperature of 
hydroformylation 

(°C) 

pressure of 
hydroformylation 

(bar) 

degree of 
conversionb 

(%) 

sizec  

(nm) 

surface 
tensiond 

(mN/m) 

Tm of 
bulke 

(°C) 

1 n.a. n.a. 0 13 60 154 

2 40 20 ~ 10 11 54 103 

3 50 20 ~ 50 12 53 n.o. 

4 60 20 ~ 80 13 53 n.o. 

5 80 60 100 20 54 n.o. 

a Reaction conditions: 10 g of 1,2-polybutadiene latex (6 wt.-% polymer content), 20 g of water, b Estimated by 
IR spectroscopy, cf. experimental section for details. c Volume average particle size as determined by DLS. 
d Determined on dialyzed dispersions, concentrated/diluted to a polymer solids content of 1.9 g L-1. e Determined 
by DSC. 

Also under these harsher reaction conditions, colloidal stability was not affected and the 

particles retained their identity, that is no agglomeration occurred, as evidenced by dynamic 

light scattering (DLS; cf. Table 4-1 and supplementary material for details).i In order to 

estimate the significance of hydrogenation as a side reaction, 1,2-polybutadiene dispersions 

were exposed to hydrogen pressure only under conditions otherwise identical to the 

aforementioned hydroformylation studies. At 40 °C and 20 bar H2 the degree of hydrogenation 

was below the detection limit, i.e. less then 3%, as determined by 1H NMR. At 80 °C and 

60 bar of H2 (that is twice the p(H2) vs. the maximum H2 partial pressure in the 

hydroformylation studies) after 20 h reaction time a degree of hydrogenation of ca. 50% was 

observed. This illustrates that during particle functionalization with CO/H2, hydrogenation 

occurs at the most as a minor side reaction. 

                                                 

(i) In the case of the fully modified polyaldehyde particles a P:Rh molar ratio of 8:1 was 

required to hinder partial agglomeration to 40 nm particles. A possible explanation is that 

under these conditions hydroformylation is slower, and cross-linking occurs sufficiently 

fast to hinder aggregation of the initially soft particles. 
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4.2 Polymer Properties 

Differential scanning calorimetry (DSC) measurements were performed on the isolated 

polymers, obtained by precipitation from the dispersions. The semicrystalline syndiotactic 

1,2-polybutadiene starting material, prepared in microemulsion, exhibits a Tm around 154 °C. 

Hydroformylation results in a reduction of crystallinity, as expected. The 10% modified 

polymer exhibits a weak melting peak around 103 °C. Higher conversions afford non-

crystalline material as confirmed by powder X-ray diffraction (Figure 4-2). Nevertheless, all 

isolated polyaldehydes were insoluble in organic solvents.i For polyaldehydes, aldol 

condensation can result in extensive cross-linking, and such reactions are enhanced by the 

high polymer concentration in particles. 
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Figure 4-2. Powder X-ray diffraction of 1,2 polybutadiene (entry 1) and completely 

converted, hydroformylated polymer (entry 5, Table 4-1) 

Transmission electron microscopy (TEM; Figure 4-3 and supplementary material Figure S3) 

and atomic force microscopy (AFM; supplementary material, Figures S4 and S5) on isolated 

                                                 

(i) Solvents studied: chloroform, 1,1,2,2-tetrachloroethane-d2, 1,2,4-trichlorobenzene, toluene, 

THF, DMSO, methanol, acetone. 
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particles confirm the small particle sizes determined by DLS. In both TEM (Figures S3) and 

AFM (Figure S4), the 1,2-polybutadiene particles appear compact but not spherical, as 

expected for very small crystalline polymer particles. In contrast, fully functionalized particles 

appear smoother (Figures 4-3 and S5). However, they retain their particle character and do not 

flow (or aggregate) despite their amorphous character, which is in line with the particles being 

cross-linked.  

 

Figure 4-3. TEM image of fully hydroformylated nanoparticles (entry 5, Table 4-1). 

4.3 Fluorescence Studies 

The interaction of pyrene with nanoparticles of variable degree of hydroformylation was 

studied as a measure for their polarity. The relative intensity of two bands in the fluorescence 

spectra, I3/I1 is a proven measure for the polarity of the surrounding medium experienced by 

this fluorophore.52  

Typical values of I3/I1 ratios in pyrene solutions are 0.63 for water, 1.07 for pentanol, and 

1.65 for n-hexane.52b Emission spectra of pyrene were recorded over a range of particle 

concentrations and pyrene to polymer ratios. In all cases studied, the I3/I1 ratio increases 
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gradually with the concentration of polymer (Figure 4-4 and 4-5). As indicated, pyrene is 

slightly water-soluble and neat aqueous solutions also exhibit fluorescence. The overall signal 

therefore can also contain contributions from the aqueous phase. The portion of pyrene 

present in the nanoparticles increases with increasing polymer nanoparticle number density. A 

water-soluble quencher, diethylaminoethanol (DAE), selectively quenches the contribution 

from the aqueous phase. In the presence of this quencher, increased I3/I1 ratio are observed vs. 

the absence of quencher. This confirms that the pyrene probe is indeed taken up by the 

nanoparticles, where it is not accessible; also the I3/I1 ratios determined in the presence of 

quencher are a more direct measure of the polarity of the nanoparticles. Note that the I3/I1 

ratios found for the apolar 1,2-polybutadiene nanoparticles are significantly lower than those 

observed for n-hexane as a hydrocarbon solvent, similar to observations on semicrystalline 

polyethylene nanoparticles; this is likely due to location of the probe at the periphery of these 

crystalline particles, where it possibly senses the aqueous environment to a certain extent.52c 

 

Figure 4-4. Fluorescence spectra of pyrene (2.05 x 10-4 g/L) in polybutadiene dispersion 

(entry 1, Table 4-1; 1.92 g/L polymer solids content) in the presence of increasing 

concentrations of DAE as quencher (inlay: normalized at 373 nm). 
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As an essence of these fluorescence studies, in all cases, the I3/I1 ratios observed with 

polymer nanoparticles of variable degrees of hydroformylation under otherwise identical 

conditions demonstrate that indeed the pyrene probe molecules experience an increasingly 

polar environment with increased content of carbonyl groups. 

 

Figure 4-5. I3/I1 ratio of pyrene fluorescence versus polymer concentration of dispersions 

without quencher (left) and with quencher (right). 

4.4 Summary and Conclusions  

In summary, very small nanoparticles (< 20 nm) with adjustable carbonyl content are 

accesible by hydroformylation of 1,2-polybutadiene in the form of aqueous dispersions. This 

represents a convenient route employing readily available starting materials (butadiene, CO 

and H2) to nanoparticles in this size range with a broadly adjustable and controllable polarity. 

The latter was demonstrated by fluorescence studies of the environment experienced by 

pyrene as a probe molecule. 
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4.5 Experimental Section 

General methods and materials 

Dihydrogen (99.999 vol.-%) and a 1:1 mixture of CO (99.997 vol.-%) and H2 (99.999 

vol.-%) were purchased from Air liquide. Pyrene (99%, sublimed; Aldrich) and 

triphenylphosphine (Fluka) was used as received. Toluene was deoxygenated by destillation 

under argon. Millipore grade water was used for fluorescence measurements. 

DSC was carried out on a Netzsch F1 instrument at a heating/cooling rate of 10 K min-1 on 

approximately 5 mg of polymer (Tm given are from the second heating cycles). Molecular 

weights were determined with gel permeation chromatography (GPC) in 

1,2,4-trichlorobenzene at 160 °C on a Polymer Laboratories 220 instrument equipped with 

Mixed Bed PL columns vs. universal calibration. 

TEM was carried out on a Zeiss Libra 120 instrument operated at 120 kV acceleration 

voltage. Polymer dispersions of circa 0.02 wt.-% concentration were applied to a carbon-

coated grid and dried. 

For AFM freshly cleaved mica was used without further treatment, alternatively glass 

substrates previously cleaned with a 7:3 mixture of 96 wt.-% H2SO4 and 30 wt.-% H2O2 were 

employed. A drop of dispersion was placed on the resting substrate, which was then 

accelerated at a rate of 300 rpm s-1 to a final speed of 2000 rpm. The height of the particles 

was determined with a JPK NanoWizard atomic force microscope in the intermittent contact 

mode using a Silicon tip with a force constant of 40 Nm-1 and resonant frequency of about 300 

kHz. Height, amplitude and phase images were recorded simultaneously. 

Dynamic light scattering was performed on a Malvern NanoZS ZEN 3600 particle sizer 

(173° backscattering) on diluted dispersions. The autocorrelation function was analyzed using 
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the Malvern dispersion technology software 5.1 algorithm to obtain volume weighted particle 

size distributions. 

IR spectra of the isolated polymer were recorded on a Perkin Elmer Spectrum 100 

instrument with an ATR sampling accessory. For a calibration curve, dispersions of 

1,2-polybutadiene and of completely converted, hydroformylated polymer were mixed in 

several weight ratios. The IR spectra were recorded directly on the dispersions to hinder 

separation of the two different particle types; water was accounted for by a background 

correction. The peaks at 905 cm-1 and 1720 cm-1 were integrated and the ratio of the areas was 

plotted against the weight ratio. 

Hydroformylation procedure 

Polybutadiene dispersions were prepared according to [23]. Hydroformylations were carried 

out in a mechanically stirred 285 mL pressure reactor equipped with a heating/cooling block 

controlled by a thermocouple dipping into the reaction mixture. In a typical hydroformylation, 

10 g of latex (6 wt.-% polymer, 9.6 wt.-% sodium dodecyl sulfate (SDS)) was diluted with 20 

g of water and degassed by carefully applying vacuum and flushing with argon. 5.2 mg (0.020 

mmol) of [Rh(CO)2(acac)]53 and 21 mg (0.080 mmol) of triphenylphosphine were dissolved 

in 1 mL of toluene under argon and added to the latex. The mixture was transferred to an 

autoclave under an argon atmosphere, pressurized with 1:1 CO/H2, and heated under stirring 

to the respective temperature. After 20 h the reaction was stopped by cooling and releasing the 

pressure. 

The latices were dialyzed for 5 days against neat water (Spectra/Por® Dialysis Membrane 

with a MWCO 6-8,000), reconcentrated, filtered and BHT was added as a radical inhibitor. 

The long-term colloidal stability of the hydroformylated dispersions is lower in comparison to 

the polybutadiene dispersion, which possibly derives from less compatibility of the apolar 

hydrocarbon chain of the SDS with the polymer. For analyses of the bulk polymer, an aliquot 
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was precipitated with excess methanol, filtered, washed with water and methanol and dried in 

vacuo at 50 °C. 

Fluorescence studies 

For fluorescence measurements 5.5 � L of a toluene stock solution of pyrene (480 mg L-1) 

were added to 3 mL of the respective latex. After evaporation of the toluene and dilution of 

the samples (0.7 mL with 2.3 mL of water) fluorescence emission spectra were recorded with 

a Perkin-Elmer LS 50 fluorimeter (bandwidth: 2.5 nm, scanning speed 100 nm min-1) at room 

temperature in cuvettes with a 1 cm path length. The samples were excited at 333 nm. As 

expected, excimer emission was not observed due to the low concentration of pyrene 

employed for the measurement [1.305 × 10-8 mol L-1]. Very dilute polymer dispersions were 

employed to avoid saturation of the emission spectra, scattering by the polymer particles, as 

well as destabilization of the nanoparticles. The water-soluble quencher DAE optionally 

added does not affect the colloidal stability of the nanoparticles. Even high DAE 

concentration lead to no observable change in DLS traces. DAE is an effective quencher for 

pyrene in water, indeed no significant fluorescence signal is observed in aqueous pyrene 

solution when DAE is present in the concentration used for the determination of the I3/I1 

ratios. 



Dispersions of Polydiene Nanoparticles with Variable Crystallinity 

 44 

5 Dispersions of Polydiene Nanoparticles with Variable 

Crystallinity 

5.1 Copolymerization of Butadiene and Isoprene in Emulsion 

Copolymerization and Polymer Characterization 

Microemulsion polymerization of butadiene with the known [Co(C8H13)(C4H6)]/CS2 

catalyst system results in highly crystalline particles due to almost exclusive incorporation in 

1,2 fashion. In miniemulsion polymerization addition of coordinating ligands leads to higher 

amount of 1,4-cis stereoerrors resulting in a reduced crystallinity.33a This is of interest of 

example in view of film-forming properties. These approaches, however, is not successful for 

microemulsion polymerization, possibly, because the ligand is not able to coordinate to the 

metal center, as a microemulsion is a complex multiphase system.i Another possibility to 

obtain amorphous polymers is the copolymerization with substituted dienes. The results of the 

copolymerization of butadiene with isoprene in microemulsion are summarized in Table 5-1. 

                                                 

(i) DMF and DPF were studied due to there rather different solubility in water and organic 

solvents, however no influence on the microstructure was observed. 
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Table 5-1. Copolymerization of Butadiene and Isoprene in Microemulsiona 

entry xisoprene 

(mol-%) 

X isoprene
b 

(mol -%) 

yieldc 

(wt.-%) 

particle sized 

(nm) 

Mw
e 

(g mol-1) 

Mw/Mn
e Tm

f 

(°C) 

Tg
f 

(°C) 

1 0 n.a. > 98 13 8.5 x 104 2.5 154 n.o. 

2 2 n.d. > 98 14 8.5 x 104 2.1 145 -12 

3 10 4 > 98 15 3.8 x 104 2.1 136 -18 

4 20 10 90 17 5.7 x 104 2.5 105 -19 

5 30 24 71 20 5.6 x 104 2.0 n.o. -19 

6 40 34 94 20 2.7 x 104 2.5 n.o. -25 

7 50 31 77 24 1.0 x 104 2.1 n.o. -23 

areaction conditions: 800 � mol cobalt-(II)-2-ethylhexanoate; 1785 � mol sodium borohydride in 7,5 mL EtOH; 
200 g H2O / 23,25 g SDS / 10 g pentanol; 800 � mol CS2 in 10,0 mL toluene; employed monomers: 0,28 - x mol 
butadiene, x mol isoprene; 40°C reactions temperature; 4h reaction time. bconfirmed ratio of isoprene 
incorporation; determined by 13C NMR spectroscopy; cf. Experimental Section for details. cisolated by 
precipitation with methanol, referred to theoretical achievable yield. dvolume average pariticle size determined by 
DLS. edetermined by GPC vs universal calibration. fdetermined by DSC. 

Scheme 5-1. Possible Incorporation Modes for the Polymerisation of Isoprene 

3,4-PIP 1,2-PIP 1,4-cis-PIP 1,4-trans-PIP

n n n n

 

Isoprene can be incorporated into a polymer in different fashions (see Scheme 5-1). 

Copolymerisation of butadiene and isoprene with the Co(II) catalyst yielded stable dispersion 

of about 6 wt.-% solid content. In comparison to butadiene homopolymerization slightly lower 

activities were observed in the present of isoprene, nevertheless, good yields were achieved. 
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IR spectroscopic analysis proves the copolymerization of isoprene (Figure 5-1).i In addition 

to the characteristic vibration of the different polybutadiene repeating units, a new signal at 

889 cm-1 emerges, which is a characteristic CH stretching vibration of the isopropenyl group 

of 3,4-polyisoprene.54 A quantitative IR analysis like in the case of homopolybutadiene is not 

possible due to overlapping signals and the lack of sufficiently high extinction coefficient of 

any of the other isoprene incorporation modes.55 

 

Figure 5-1. IR spectra of polybutadiene-co-isoprene prepared in microemulsion. 

In contrast to 1,2-polybutadiene, the copolymers were soluble in organic solvents like 

toluene, THF or chloroform after isolation by precipitation. 1D and 2D NMR analysis was 

conducted to analyze the stereochemistry. No information can be gained from 1H NMR 

spectra due to broad, unstructured signals. 13C NMR spectra of 1,2-polybutadiene show, as 

known for the employed catalyst, the resonances of the olefinic side group at 143.2 ppm and 

115.1 ppm as well as the ones of the main chain at 41.5 ppm and 39.0 ppm beside minor 

                                                 

(i) The copolymer was dissolved and precipitated several times to exclude a contribution of 

entrapped instead of copolymerized isoprene. 
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resonances of the 1,4-cis stereo error (for full spectra see supplementary material; aliphatic 

region shown in Figure 5-2).56,57 In all 13C NMR spectra of polybutadiene-co-isoprene the 

signals58 of the olefinic carbons of a 3,4-polyisoprene unit are present accordingly. 

Additionally, a resonance at 18 ppm was assigned to the methyl group of this incorporation 

mode by means of DEPT and coupling experiments (aliphatic region shown in Figure 5-2). 

 

Figure 5-2. Comparison of 100 MHz 13C NMR spectra of polybutadiene and polybutadiene-

co-isoprene a) polybutadiene-co-isoprene (xisoprene = 20 mol-%), CDCl3, 25 °C 

b) polybutadiene (containing BHT as a stabilizer), C2D2Cl4, 130 °C. 

The relative integration of both olefinic carbon signals of butadiene and both olefinic carbon 

signals of isoprene gives an estimation of the comonomer composition considering only the 
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1,2 incorporation for butadiene and 3,4 incorporation for isoprene (see supplementary material 

for details). This value Xisoprene corresponds to for the minimum of isoprene in the polymer, 

the real value, however, is very likely higher. Comparing Xisoprene and xisoprene, the molar 

amount of isoprene in the reaction mixture, underlies that isoprene is copolymerized in high 

yields. However, the incorporation of isoprene is lower in comparison to butadiene. 

Attempted homopolymerization of isoprene in microemulsion under the typical reaction 

conditions yielded no polymer.  

However, the complexity of the 13C spectra of polybutadiene-co-isoprene can not be 

accounted for considering only the 3,4 incorporation of butadiene and the resulting increase in 

possible triades. Especially, additional methyl resonances imply further incorporation modes 

of isoprene. 1,4-trans-polyisoprene units appear unlikely as butadiene is not inserted in a trans 

fashion and the resonance of such a methyl group would be expected around 16 ppm.57 An 

increasing number of signals around 130 ppm implies the presence of 1,4-cis-polyisoprene. 

This could also account for the sharp methyl signal at 24.01 ppm, as in pure 

1,4-cis-polyisoprene this group resonates at 22.9 ppm.57 Also the 1,2 incorporation of isoprene 

can not be excluded, however, comparative NMR spectrum of pure 1,2-polyisoprene are 

lacking.  

Polymer Properties 

The physical properties of a polymer are closely linked with its microstructure. DSC 

measurements reveal the influence of isoprene on the thermal transitions (Figure 5-3). 

1,2-polybutadiene is semicrystalline with a melting point at 154 °C when polymerized in 

microemulsion. The melting point is broadened and reduced by the presence of isoprene. The 

polymer obtained for xisoprene = 20% exhibits a weak melting point around 50 °C lower than 

pure 1,2-polybutadiene. Higher amounts of isoprene lead to completely amorphous materials. 

Concurrently, glass transitions emerge in DSC with the copolymerization of isoprene. 
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Figure 5-3. DSC curves of polybutadiene and polybutadiene-co-isoprenes prepared in 

microemulsion. 

The formation of a stable microemulsion of the monomers is a prerequisite for the synthesis 

of very small particles. Clear, transparent microemulsions formed up to xisoprene = 20%. At the 

higher isoprene content slight cloudiness was observed. The size of the polydiene particles 

synthesized slightly increases with increasing portion of isoprene from 13 to 24 nm (for DLS 

traces see supplementary material). However, particles with xisoprene �  20% are subject of 

coagulation during dialysis.  

Uptake of guest molecules 

The ability of these particles to take up guest molecules was evaluated as described in the 

previous chapter. The polarity of the particles should not be altered significantly due to the 

incorporation of isoprene. However, a reduced crystallinity could allow a guest molecule to 

penetrate deeper into a given particle. Thus, a probe in an amorphous particle might sense the 
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surrounding water to a smaller extent. Unfortunately, only the particles with xisoprene = 10% 

can be used for the pyrene studies, as the ones with a higher isoprene content loose their 

colloidal stability during dialysis. 

 

Figure 5-4. I3/I1 ratio of pyrene fluorescence versus polymer concentration of dispersions 

without quencher (left) and with quencher (right). 

Both polybutadiene and polybutadiene-co-isoprene dispersion exhibit the same fluorescence 

properties in the presence of pyrene or pyrene and quencher (Figure 5-4). Accordingly, either 

reduction in crystallinity has no effect on the uptake properties of the polymer particles or the 

difference in crystallinity is too small to be sensed. 

5.2 Copolymerisation of Butadiene and Phenylbutadiene in 

Emulsion 

 Phenylbutadiene was synthesized by a nickel catalyzed Grignard coupling of chloroprene 

and phenyl magnesium bromide based on a procedure by Kumada (Scheme 5-2).59 The 

monomer was isolated as 50 wt.-% solution in xylene in 87% yield. 
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Scheme 5-2. Synthesis of 2-Phenyl-1,3-butadiene by Grignard Coupling 

MgBr

Cl Ph

[Ni(dppe)Cl2]

Et2O, xylene
0°C      rt

+

 

Butadiene and phenylbutadiene were copolymerized in a preliminary experiment with 

[Co(C8H13)(C4H6)]/CS2 catalyst in microemulsion. The presence of 20% of phenylbutadiene 

in the monomer mixture reduced the activity yielding 3 wt.-%, stable dispersion (40% overall 

yield, particle size according to DLS 30 nm). The IR spectrum of the isolated polymeri (see 

Supplementary Material) clearly shows two resonances at 697 and 762 cm-1, characteristic for 

monosubstituted aromatic compounds. The semicrystalline polymer exhibits a melting point at 

112 °C and a glass transition at -1 °C and is soluble in comment organic solvents like toluene, 

THF and chloroform. 13C NMR analysisi (Figure 5-5) reveals the presence of several new 

carbon resonances in the aromatic region between 125 and 130 ppm as well as resonances of 

two quaternary carbon atoms at 139 and 153 ppm, which distinguish from phenylbutadiene. 

The composition of the copolymer can be estimated from 1H NMR spectra by integration of 

the aromatic resonances (CDCl3, �  7.1 – 7.4 ppm) and the resonances of the polymer 

backbone (�  0.5 – 3.0 ppm). Accordingly, one fourth of the deployed comonomer is 

incorporated yielding a polybutadiene-co-phenylbutadiene with 5 mol-% of phenylbutadiene. 

                                                 

i The copolymer was dissolved and precipitated several times to exclude a contribution of 
entrapped instead of copolymerized phenylbutadiene. 
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Figure 5-5. 100 MHz 13C NMR spectrum of polybutadiene-co-phenylbutadiene,CDCl3, 

25 °C. 

5.3 Summary and Conclusions 

Copolymerization of butadiene and isoprene in microemulsion was shown to be an effective 

protocol to obtain nanoparticles (< 25 nm) of polydienes of adjustable crystallinity. The 

[Co(C8H13)(C4H6)]/CS2 catalyst slightly prefers butadiene over isoprene. Butadiene is inserted 

almost exclusively in 1,2 fashion, and for isoprene it is confirmed that it is inserted 

analogously in a vinyl (3,4) fashion, and probably in at least one other mode. The crystallinity 

of the polymer particles can be adjusted from semicrystalline with a high melting point of over 

150 °C to amorphous with a Tg of -25 °C. 

Phenylbutadiene was synthesized via a nickel catalyzed Grignard coupling of phenyl 

magnesium bromide and chloroprene. A preliminary copolymerization with butadiene resulted 

in a stable dispersion with 5 mol-% incorporated phenylbutadiene. Phenylbutadiene can be 

taken as a model substance for more complex compounds. A copolymerization with e.g. dyes 

could be of interest.  
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5.4 Experimental Section 

General Considerations 

All synthesis and polymerization were conducted under argon using standard Schlenk 

techniques. 1,3-butadiene (99,5% purity) from Messer Griesheim was used without further 

purification. Isoprene (Aldrich) was distilled under argon prior to use. Toluene was 

deoxygenated over a copper catalyst and dried over activated molecular sieve. Ethanol and 

pentanol were freed of oxygen via three freeze-thaw cycles. Demineralized water was distilled 

under nitrogen. Cobalt(II)-2-ethylhexonoat, 1,2-[bis(diphenylphosphino)ethane]dichloro 

nickel(II) and phenyl magnesium bromide solution were received from Aldrich, carbon 

disulfide, sodium borohydride and magnesium from Merck and chloroprene in xylene from 

ABCR. 

DSC, DLS, IR, GPC and fluorescence measurements were conducted as described in the 

previous chapter. NMR spectra were recorded on a Varian Inova 400, a Bruker Avance 400 or 

a Bruker 3 600 instrument. Chemical shifts were referred to the residual solvent signal. 

[Cr(acac)3] was added as a relaxation agent for 13C NMR spectra.  

Synthesis of 2-phenyl-1,3-butadiene 

 

80 mL diethylether, chloroprene in 50% xylene (20 mL, 108 mmol) and [Ni(dppe)Cl2)] 

(227 mg; 430 � mol) were placed under argon atmosphere in a 250 mL flask. 3 M phenyl 

magnesium bromide solution (42 mL in diethylether, 125 mmol) in 20 mL additional 

diethylether were added dropwise during 45 min at 0 °C. The orange reaction mixture was 

stirred another 20 h at room temperature. The combined organic phases after hydrolysis with 2 
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M HCl and extraction with diethylether were washed with saturated sodium bicarbonate and 

water and dried over sodium sulphate. The product was purified by vacuum transfer (10-5 bar) 

to a flask cooled to -196 °C. A clear solution of 2-phenyl-1,3-butadiene in xylene (50 wt.-%) 

was obtained (24.4 g, 87% yield). 

1H NMR (400 MHz, CDCl3, � ): 7,35 – 7,27 (m; 5H; aromatic CH), 6,62 (dd; J = 17,4 

11,0 Hz; 1H; H-3), 5,28 (s; 1H; H-1), 5,19 (d; J = 11,0 Hz; 1H; H-4cis), 5,18 (s; 1H; H-1), 5,17 

(d; J = 17,4 Hz; 1H; H-4trans). 

13C NMR (100 MHz, CDCl3, � ): 148.63, 138.53, 131.37, 129.47, 128.65, 127.69, 118.07, 

117.28 

Polymerization Procedure 

Polymerizations were carried out following a modified protocol based on [23]. A toluene 

solution (circa 5 ml) of cobalt(II) 2-ethylhexanoate (800 � mol) was introduced under argon to 

a mechanically stirred 500 ml pressure glass reactor equipped with a heating/cooling jacket 

controlled by a temperature sensor dipping into the reaction mixture. After evaporating 

toluene in vacuo, the desired amount of butadiene (0.28 – x mol) were condensed at -5 °C. 

Isoprene (x mol) was added under argon with the aid of a pump. An ethanol solution (7.5 ml) 

of sodium borohydride (1.79 mmol) was added, affording a red solution of the precatalyst 

[Co(C8H13)(C4H6)]. An aqueous solution of surfactant (23.25 g SDS/ 10 g pentanol and 200 g 

H2O) was then transferred to the reactor by means of the pump under stirring (1000 rpm) and 

the temperature was raised to 20 °C, affording a transparent butadiene/isoprene/precatalyst 

microemulsion. A toluene solution of carbon disulfide (800 � mol, [CS2] / [Co] = 1) was 

pumped into the reactor, causing a exothermic reaction and black staining. The temperature 

was set to 40 °C. After the desired reaction time the reactor was cooled and residual gas 

pressure was released under a light vacuum. 
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BHT was added as a stabilizer to the light brown latex. An aliquot was precipitated in 

excess methanol for determining the yield. After filtration and washing several times with 

methanol and water, the polymer was dried over night in vacuo at 50 °C. For fluorescence 

studies the latices were dialyzed for 5 days against neat water (Spectra/Por® Dialysis 

Membrane with a MWCO 6-8,000), reconcentrated and filtered. The measurements were 

carried out as described in the previous chapter. 
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6 Functionalization of Polymer Nanoparticles by 

Thiol-Ene Addition 

6.1 Synthesis of Thiol-modified Polymer Nanoparticles 

As outlined before, thiol-ene addition can be used to introduce a wide range of functional 

groups in the polymeric chain of soluble polybutadienes. A detailed study of the modification 

of aqueous polymer dispersions by thiol-ene reactions was conducted (Scheme 6-1). 

As a starting material for thiol-ene post-polymerization modification the same aqueous 

dispersion of nanoparticles of semicrystalline syndiotactic 1,2-polybutadiene as for the 

hydroformylation protocol was employed (97% 1,2- and 3% 1,4-cis as determined by IR 

spectroscopy; 13-15 nm average volume size as determined by DLS; Mw 3.4 × 104 g mol-1; 

Mw/Mn: 2.1).23  

Scheme 6-1. Radical Mercaptan Addition on 1,2-Polybutadiene Nanoparticles (surfactant 

omitted for clarity). 

 

For the post-polymerization modification of polymeric nanoparticles, solubility and 

partitioning of the reactants between the aqueous and apolar polyolefin phase are relevant. 
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Both the radical initiator and the mercaptan must dissolve sufficiently in the aqueous phase of 

the polymer dispersion in order to access the particles. However, the mercaptyl radical formed 

should also react to a sufficient extent with the apolar hydrophobic polyolefin. A range of 

functionalized thiols with functional groups of variable polarity were studied (Scheme 6-2). 

Elevated temperatures can affect the colloidal stability of the latex. The water-soluble radical 

initiator VA-057 (2,2'-azobis[N-(2-carboxyethyl)-2-methylpropionamidine]hydrate) was 

chosen due to its low ten hour half-life decomposition temperature of 57 °C in order to 

perform the reaction at ambient temperature. 

Scheme 6-2. Mercaptans Employed 
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Blank experiments. Blank experiments were carried out to evaluate the influence of radicals 

on polybutadiene particles. As outlined, intramolecular ring closures are a known side reaction 

of the radical mercaptan addition in dilute organic solution. In polymer dispersions, 

intermolecular reactions could be promoted by the high concentration of double bonds in a 

given particle. Polymer samples (Table 6-1, entries 2 to 4) isolated by precipitation with 

methanol from dispersions treated with different amounts of VA-057 for 20 h at 50 °C are 

insoluble in any solvent studied (1,1,2,2-tetrachloroethane, 1,2,4-trichlorobenzene, 

chloroform, dichloromethane, toluene, tetrahydrofurane). This contrasts to the syndiotactic 

1,2-polybutadiene starting material, which is soluble in tetrachloroethane at elevated 

temperatures. The alteration of the polymer on free-radical treatment is also reflected in its 
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thermal properties, as observed by differential scanning calorimetry (DSC). Syndiotactic 

1,2-polybutadiene prepared in microemulsion is semicrystalline with a melting point of 

154 °C. Treatment with 0.025 equiv of radical initiator resulted in a reduction of the peak 

melting point by ca. 30 °C (entry 2, Table 6-1). A material exhibiting no observable thermal 

transition indicative of crystallinityi was obtained when higher concentrations of radical 

initiator (0.1 and 0.4 equiv, entries 3 and 4, Table 6-1) were employed. IR spectroscopic 

analysis revealed no significant difference towards the starting material (cf. supplementary 

material, Figure S1). This suggests that the above observations result from intra- and 

intermolecular crosslinking by conversion of a minor portion of the vinyl groups present. The 

colloidal stability of the dispersions is neither affected upon addition of the radical initiator, 

nor by the crosslinking as evidenced by DLS data which shows no significant increase in size.  

3-Mercaptopropionic acid methyl ester (M3TP). As a method for determination of the 

degree of functionalization of the vinyl groups by mercaptan addition, which is applicable also 

to samples insoluble in organic solvents, elemental analysis was employed. Degrees of 

functionalization were determined from the observed S/C ratio, cf. supplementary material 

(Equation S1).  

Polybutadiene dispersions were treated with variable amounts of M3TP and VA-057 at 

50 °C for 20 h (Table 6-1, entries 5 to 7). The colloidal stability of the latex was not affected 

even upon reaction with 10 equiv (24.6 mL) of M3TP (entry 7) as proven by DLS after 

dialysis. All polymers modified with M3TP and precipitated with methanol are soluble in 

CDCl3; no light scattering is observed indicating that the polymers dissolve molecularly and 

not in the form of particles in this solvent. This allows for comprehensive NMR spectroscopic 

analysis (Figure 6-1).  

                                                 

(i) Electron diffraction on films prepared from this dispersion yielded only unstructured halos, 

arising from amorphous material.  
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Table 6-1. Modification of 1,2-Polybutadiene Nanoparticles by Mercaptan Addition.a 

entry mercaptan [C=C]0: [VA-057]0: [HSR]0
b 

degree of 
functionalizationc 

(%) 

sized 

(nm) 

Tm/Tg of bulke 

(°C) 

1 n.a. n.a. n.a. 13 154/n.o. 

2 - 1 : 0.025 : 0 n.a 15 125/ n.o. 

3 - 1 : 0.1 : 0 n.a 15 n.o./ n.o. 

4 - 1 : 0.4 : 0 n.a 15 n.o./ n.o. 

5 M3TP 1 : 0.0125 : 0.5 14 16 101/-33 

6 M3TP 1 : 0.02 : 1 18 24 107/-30 

7 M3TP 1 : 0.1 : 10 84 18 n.o /-48 

8 3TPA 1 : 0.05 : 0.75 26 13 95/31 

9 3TPA 1 : 0.025 : 1.5 17 17 105/20 

10 3TPA 1 : 0.05 : 1.5 29 40 90/29 

11 3TPA 1 : 0.1 : 3 35 coag. 101/7 

12 3TPA 1 : 0.333 : 5 85 coag. n.o /2 

13 Na4TPS 1 : 0.0167 : 0.25 n.d. 15 n.o /-16 

14 Na4TPS 1 : 0.0333 : 0.5 n.d. 16 n.o./ n.o. 

15 Na4TPS 1 : 0.1 : 1.5 5f 15 n.o./ n.o. 

16 Na4TPS 1 : 0.1 : 3 9f 16 n.o./ n.o. 

17 GLT 1 : 0.0333 : 0.5 8 59 n.o./ n.o. 

18 GLT 1 : 0.1 : 1.5 11 104 n.o./ n.o. 

19 GLT 1 : 0.1 : 10 15 73 n.o./ n.o. 

20 TPEG 1 : 0.025 : 0.3 (7)e 15 126/ n.o 

a Reaction conditions: 2 wt-% polybutadiene dispersion, addition of mercaptan and VA-057, 50 °C, 20 h, 5 
days of dialysis; see Experimental Section for details. b given as molar equivalents (equiv) i.e. double bonds 
present in the starting polymer (= repeat units) to radical initiator to mercaptan. c Determined by elemental 
analysis; see SM for details (Table S1). d Volume average size determined by DLS. e Determined by DSC from 
second heating cycles. f Determined on freeze-dried samples. 
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(d) ppm 

Figure 6-1. 400 MHz 1H NMR spectra of ester-modified polymer samples using M3TP 

(entries 5 to 7, Table 6-1), CDCl3, 25 °C. 

A new singlet resonance at 3.6 ppm can be assigned to the methyl group of the ester. NMR 

spectra show that even at low mercaptan concentrations a significant portion of the double 

bonds was functionalized. The resonances of the olefinic protons between 4.7 and 5.7 ppm are 

reduced in intensity compared to the starting material (entries 5 and 6, Table 6-1), or virtually 

absent (entry 7). 2D NMR spectra of the polymer from entry 7 provide further insights on the 

relative abundance of five- and six-membered rings originating from free radical side 

reactions (see supplementary material Figure S13 for complete NMR spectra). Triplets at 2.76 
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and 2.59 ppm were assigned to methylene protons in � - and � -position to the sulfur atom, 

-S� CH2
� CH2COOMe by 1H,1H-COSY and 1H,13C-HMBC (multiple bond correlation to 

carbonyl carbon nucleus; see supplementary material, Figure S13) spectroscopy. A second set 

of small signals at lower field is thought to arise from incorporation of an analogous group 

with different chemical environment, e.g., from reaction with a 1,4-polybutadiene unit 

(present in ca. 3% in the starting material) or more likely a neighboring cycle. An unstructured 

broad signal at 2.5 ppm corresponds to P-CH2-SR (P = polymeric backbone), as indicated by 

phase-sensitive 1H,13C-HSQC NMR spectra (see Figure S13). Phase-sensitive 1H, 13C-HSQC 

spectra clearly show a non-split cross-peak at 0.9/18 ppm, assigned to a methyl group of a 

five-membered ring. The relative amount of functionalization Xfunc, cyclization Xcyc, and 

unreacted repeating units Xunreact can be estimated from 1H NMR data by relative integration 

of -SCH2R, =CH2 and the aliphatic signal upfield of 2.2 ppm according to [14]. For the 

polymer from entry 7, Xfunc ~ 82%, Xcyc ~ 17% and Xunreact ~ 1% were determined. Even 

though six-membered rings can not be excluded, it seems unlikely that they exist to a 

significant extent. The strong signal of the methyl group of a five-membered ring can fully 

account for the cyclized moieties (around 17%). For the polymers obtained by reaction with 

0.5 and 1 eq. of M3TP (Table 6-1, entry 5 and 6) Xfunc ~ 11%, Xcyc ~ 32% and Xunreact ~ 57%, 

and Xfunc ~ 15%, Xcyc ~ 25% and Xunreact ~ 60%, respectively were found. This NMR data is in 

good agreement with the degree of functionalization of 14%, 18% and 84% for samples 5, 6 

and 7 determined by elemental analysis (for details, see supplementary material, Table S1). 

This data corresponds to a grafting of 103 to 104 thiol moities per starting polymer particle. 

This degree of functionalization is comparable to previous studies in organic solution,12 for 

which elemental analysis revealed a S/C ratio of 0.286 which corresponds to a maximum 

degree of functionalization of ~75%i using 40 equiv. of mercaptan. Concurrently, complete 

                                                 

(i) Calculated via Equation S1, cf. SI. 
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disappearance of double bonds was observed by NMR, that is ~25% of ring closing reactions 

occurred.  

 
Wavenumber (cm-1) 

Figure 6-2. IR spectra of 1,2-polybutadiene (bottom) and polymers modified with variable 

amounts of M3TP (Table 6-1). 

Conversion of the vinyl group, and functionalization of the polymer nanoparticles is also 

evident from IR spectra of the isolated polymers (Figure 6-2). The band at 905 cm-1, which 

corresponds to a characteristic deformation band of the vinyl group, is reduced and finally 

disappears. Also, the stretching bands 	 (C=C) at 1643 cm-1 and 	 (=CH2) at > 3000 cm-1 

vanish. Concurrently, a strong band at 1732 cm-1 characteristic for a carbonyl stretching 

vibration mode emerges. 

As anticipated, the thermal properties are completely altered upon functionalization with the 

polar mercaptan. The melting point decreases and ultimately vanishes at high degrees of 

functionalization. In contrast to both the starting material and the polymer from blank 

experiments in the presence of radical initiator only, a glass transition is unambiguously 

observed by DSC between -30 °C and -50 °C. Accordingly, the isolated bulk material is very 

polybutadiene (entry 1) 

14 % functionalization (entry 5) 

18 % functionalization (entry 6) 

84 % functionalization (entry 7) 

905 cm-1 

1732 cm-1 
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sticky. By TEM (Figure 6-3) particles of around 20 nm in size are observed which is in 

reasonable agreement with DLS data. 

 

Figure 6-3. TEM image of completely M3TP-functionalized dispersion (entry 7, Table 6-1). 

The question arises to which extent SDS surfactant, introduced with the starting 1,2-

polybutadiene dispersion, is still responsible for the stabilization of the product dispersion 

after dialysis. Comparing the polymer solids content (by precipitation) with overall solids 

content (by freeze drying) of dialyzed dispersion from entry 7 revealed that 97% of the solid 

present in the dispersion is polymer, which indicated that this dispersion is depleted of 

surfactant. This result is also supported by elemental analysis. The freeze-dried sample has 

almost the same elemental composition and only a slightly higher sulfur content (cf. 

supplementary material, Table S1), indicating the presence of only traces of SDS after 

dialysis. Dispersions with lower degrees of functionalization appear to be costabilized by SDS 

as the ratio of polymer solids content to overall solids content is 80% and 87% for dispersion 

5 and 6, respectively.i 

                                                 

(i) Surface tensions of all these dispersion are between 53 and 59 mN m-1. 
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Mercaptopropionic acid (3TPA). Addition of high amounts of mercaptopropionic acid 

3TPA reagent has an adverse impact on the colloidal stability of the polybutadiene dispersion. 

In most cases agglomeration occurred upon or shortly after addition of 3TPA. This could be 

due to an increase in ionic strength (or also change of pH). More than three equivalents of 

3TPA resulted in complete precipitation of the polymer. However, the radical addition of 

3TPA still proceeds. Elemental analyses show that the degrees of functionalization are 

slightly lower than in the case of M3TP (compare e.g. entry 6 and entry 9). A high degree of 

conversion is also evidenced by IR spectroscopic measurements, which reveal the absence of 

double bonds for this sample and for sample 12 (5 eq. M3TP; f = 85% according to S/C 

value).  

Both mercaptan and radical initiator concentration influence the yield in functionalized 

double bonds. Comparing entry 9 (C=C : VA57 : HSR = 1 : 0.025 : 1.5) with entry 10 

(C=C : VA57 : HSR = 1 : 0.05 : 1.5), it can be noted that doubling the initiator concentration 

leads to a significant increase in functionalization from 17 to 29% according to the S/C ratios. 

At low initiator concentration the influence of the mercaptan concentration is minor. For entry 

8 (C=C : VA57 : HSR = 1 : 0.05 : 0.75) the degree of functionalization (26%) is only slightly 

lower than for entry 10 (C=C : VA57 : HSR = 1 : 0.05 : 1.5; degree of functionalization 29%). 

The solubility behavior of the highly acid modified polymers (entry 12, 85% 

functionalization) clearly demonstrates the hydrophilic properties of these polymers. The 

material dissolves partially in methanol, diluted sodium hydroxide solution, or THF, and 

completely in DMSO, but is insoluble in apolar solvents like toluene or chloroform. By DLS, 

no signal was observed for DMSO-solutions, indicating that the polymers dissolve 

molecularly. Both 1H and 13C NMR analysis (in DMSO-d6; see SI, figure S3) confirm the 
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absence of a significant number of double bonds and the incorporation of the acid 

functionality, carbonyl resonances are observed at �  = 173.1 and 172.8 ppm.i  

Functionalization with 3TPA reduces the crystallinity of the polymers. The polymer with 

the highest degree of acid modification (85%) is amorphous with a glass transition 

temperature of 2 °C. The reduction of crystallinity is also reflected by the particle shapes, as 

observed by TEM. At a degree of functionalization of roughly one sixth (17%), the dispersion 

remains stable and particles are still non-spherical (Table 6-1, entry 9; see Figure 6-4, left). 

This is consistent with a partial remaining crystallinity as underlined also by the clear melting 

transition observed at 105 °C in DSC. At a higher conversion (Table 6-1, entry 10, 29%) only 

a weakly exothermic melt transition at 90 °C is observed and the particles, which 

agglomerated to 40 nm in size, appear round and smooth in TEM measurements (Figure 6-4, 

right). 

                                                 

(i) Complete NMR assignment is hampered by inclusion of impurities due to precipitation 

during the reaction. Minor amounts of SDS are detected and a characteristic smell of free 

mercaptan of the bulk polymer is observed. 
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Figure 6-4. TEM images of partially 3TPA-modified dispersions (Table 6-1, entries 9 and 

10).  

3-Mercaptopropane sulfonic acid sodium salt (Na4TPS). Particles stabilized by ionic 

groups covalently attached to the particle surface were obtained by modification with 

Na4TPS.  This results in an efficient stabilization, the Na4TPS-modified dispersions could 

not be be precipitated well by neither addition of excess methanol nor brine. Freeze-drying of 

the dialyzed dispersion yields a powdery product, which clearly varies from the starting 

material. The most significant difference is the dispersability behavior. On addition of neat 

water the polymers modified with the two highest mercaptan concentrations (entries 15 and 

16, Table 6-1) readily redispers. By comparison 1,2-polybutadiene particles of the starting 

material form a non-dispersable polymer bulk once water is removed. DLS of sample 16 

indicates that the particle character is retained and virtually no difference can be observed 

between the dispersion before and after freeze-drying (Figure 6-5). This is an indication of 

covalently bound stabilizing groups at the particle surface. (cf. also supplementary material 

Figure S15 for TEM) 



Functionalization of Polymer Nanoparticles by Thiol-Ene Addition 

 67 

0

5

10

15

20

25

1 10 100 1000 10000

diameter [nm]

vo
lu

m
e 

%

dispersion

after freeze-drying and redispersion

 

Figure 6-5. DLS of dialyzed Na4TPS-modified dispersion as prepared (Table 6-1, entry 16), 

and after freeze-drying and redispersion. 

To prove that only covalently bound groups are responsible for the stabilization and that no 

SDS is present after dialysis, the freeze-dried samples were dissolved in D2O for NMR 

spectroscopic analysis. Due to their small size nanoparticles do not disturb the measurement 

itself, and the solid material does not contribute to any significant signal under usual solution 

NMR conditions. For comparison, for a polybutadiene dispersioni containing absorbed SDS 

on the particle surface, NMR measurements yielded observable SDS resonances. Despite 

prolonged acquisition times,ii hardly any NMR signal was detected for Na4TPS modified 

sample (Table 6-1, entry 16) which confirms the particulate nature of the sample and supports 

the absence of free SDS. 

                                                 

(i) Polybutadiene dispersion from entry 1, Table 1, dialyzed for at least 3 days, 

concentrated/diluted to a polymer solid content of 1.9 g L-1, yielding a surface tension 

above 60 mN m-1  

(ii) For 13C NMR > 12000 scans. 
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Elemental analysis conducted on the freeze-dried samples accounts for 9% of 

functionalization for entry 16 and 5% for entry 15, respectively.i In comparison to the 

modification with M3TP and 3TPA the degree of functionalization is much lower with 

Na4TPS. This behavior can be rationalized by the different solubilities of the mercaptans. In 

order to convert the majority of the double bonds, the mercaptan must penetrate the particle, 

which requires certain miscibility with the apolar polymer. Preliminary studies showed that 

M3TP is miscible with both water and n-hexane, which indicates that the mercaptyl radical 

should also be able to penetrate an apolar polybutadiene particle. The miscibility with 

n-hexane of 3TPA is lower vs. M3TP leading to a slightly lower degree of functionalization. 

In contrast, with highly hydrophilic, hexane-insoluble Na4TPS only the double bonds on the 

surface of the particle can react. Thus, it can be assumed that the grafting occurs on the 

surface leaving the core unaffected. This is also supported by IR spectroscopic measurements. 

Sharp and unaltered signals corresponding to 1,2-polybutadiene remain. 

Glutathione (GLT). Mercaptan moieties are omnipresent in biological molecules, mainly in 

the form of cysteine. Glutathione (GLT ), a tripeptide composed of glutamate, cysteine, and 

glycine is present in most cells in high concentration and acts as an antioxidant and cysteine 

reservoir. Due to their hydrophilic groups, surface-grafted peptides could stabilize 

nanoparticles. More important, the biological uptake of nanoparticles could be dramatically 

changed by, e.g., peptide-grafting. Glutathione was employed in radical mercaptan addition on 

polybutadiene dispersions with double bond to mercaptan ratios between 0.5 and 10 

(Table 6-1, entries 17-19). According to elemental analysis (S/C ratios of 0.0458 and 0.0718), 

incorporations between 8 and 15% are achieved, respectively. Similar to the observation with 

Na4TPS the degree of functionalization remains low (15%) even when 10 equiv of GLT are 

                                                 

(i) For samples of lower degrees of functionalization, elemental analysis was not determined 

as the absence of SDS can not be assured with sufficient accuracy by the method. 
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employed (entry 19). Analogous to Na4TPS, the glutathione as a hydrophilic mercaptan 

probably can only react with double bonds accessible at the surface.  

The dispersions retain their colloidal stability under the reaction conditions. However, 

agglomeration to particles of ~100 nm occurred during removal of SDS surfactant by dialysisi 

as observed by DLS and TEM (Figure 6-7 and Figure S16). Apparently, the rather short 

tripeptide, note that the cysteine is the central amino acid, does not sufficiently stabilize the 

nanoparticles.  

 

Figure 6-7. TEM image of GLT -functionalized particles (Table 6-1, entry 18). 

Covalent incorporation of glutathione is also evidenced by IR spectroscopy (Figure 6-8). In 

glutathione the SH stretching is observed at 2525 cm-1. This vibration is not present in the 

                                                 

(i) Comparison between polymer solids content and overall solids content of these dialyzed 

dispersions reveal that for all GLT -modified dispersions less than 20 % of the solids is 

SDS. 
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modified polymer. A broad peak around 3300 cm-1, which should correspond to the NH2 

moieties and several new vibration bands in the carbonyl region are observed.i 

 
Wavenumber (cm-1) 

Figure 6-8. IR spectra of 1,2-polybutadiene, glutathione and a glutathione-modified polymer 

(Table 6-1, entry 1 and 18). 

mPEG thiol (TPEG). Particles can not only be stabilized electrostatically but also sterically. 

For this purpose the mPEG thiol, O-(2-mercaptoethyl)-O’-methyl-hexa(ethylene glycol), 

TPEG, was used in the radical mercaptan addition. The nanoparticles retain their original size 

(~ 15 nm) according to DLS and TEM measurements (Table 6-1, entry 20, see supplementary 

material Figure 19 for TEM). The resulting dispersion again could not be destabilized for 

isolation of the polymer. Elemental analysis of the freeze-dried sample would correspond to 

degree of functionalization of 7%. The freeze-dried sample does not dissolve in water, 

however, for the most part in chloroform, leaving a residue of insoluble SDS. Accordingly, 

                                                 

(i) NMR characterization for analysis of the degree of cyclization was not possible due to 

insolubility. 
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elemental analysis overestimates the degree of functionalization in this case, as SDS 

contributes to a higher S/C value. 

A CDCl3 solution was filtered and NMR spectroscopic analysis was conducted (Figure 6-9; 

see supplementary material for 13C and 2 D NMR spectra). 1H NMR resonances at 3.36 ppm 

(OCH3) and 3.63 ppm (OCH2CH2O) confirm the presence of the PEG moiety. However, it is 

difficult to offer sound evidence for covalent attachment. Overlapping signals in both 1H and 

13C NMR spectra constrain complete analysis. Part of the 1H NMR signal between 2.6 and 

2.7 ppm could arise from the methylene protons of polymer-CH2-SR, however no long range 

coupling to the region upfield of 2 ppm could be observed. 

The degrees of functionalization and cyclization can be estimated by relative integration of 

the proton resonances of the double bonds (24.29), the PEG end-group (3.00) and the aliphatic 

backbone (132.29). Around 50% cyclization and only 4% functionalization stands in sharp 

contrast to the results with the aforementioned mercaptans. One can imagine that cyclization 

is favored for a very hydrophilic mercaptan: A given mercaptyl radical adds to a double bond, 

forming a polymeryl radical. This can not be quenched effectively by a new mercaptan 

molecule, as this can not penetrate the particle. Accordingly, the polymeryl radical reacts with 

its neighboring double bond and further on. The solubility properties argue for intra- rather 

than intermolecular ring closing reactions. However, the strong signal upfield of 1 ppm in 

1H NMR (cross peak to a 13C signal at 14. ppm in HSQC) is astonishing. Even with many 

consecutive ring closing reactions only as many methyl end groups as PEG end groups are 

expected to form. However, almost six times more methyl end groups are detected. This 

observation can not be rationalized so far. 
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Figure 6-9. 400 MHz 1H NMR spectrum of TPEG-modified polymer (Table 6-1, entry 20) in 

CDCl3, 25 °C. 

Surprisingly, DSC measurements show a clear melting point at 126 °C in the second heating 

cycle, though the melting enthalpy is roughly half of the one of original polybutadiene. 

Apparently a crystalline core remains even with that many radical side reactions. Further 

experiments would be needed to clarify these open questions.  

6.2 Film properties. 

Particle functionalization was also evidenced independently by water contact angles of films 

prepared from the dispersions (Figure 6-10).i 

                                                 

(i) The dialyzed dispersions were spincoated on glass substrates, and the nascent films were 

rinsed with water to remove SDS from the film surface. A drop of water was applied on 

the films and static contact angles were determined. 
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Figure 6-10. Contact angle measurements of the films prepared from original 

1,2-polybutadiene dispersion (left), radical initiator- (middle), and sulfonate-modified (right) 

dispersions (Table 6-1, entry 1, 2, 14).  

Films prepared from the apolar 1,2-polybutadiene dispersion (Table 6-1, entry 1) or from 

the ‘blank’ samples (Table 6-1, entry 2) exhibit a large contact angle of almost 90° when SDS 

is removed from the surface of the nascent films by rinsing.i Films prepared from the two 

dispersions with the highest degree of sulfonate modification dissolve too readily in water for 

these studies. A film prepared from a dispersion of a lower degree of functionalization 

(Table 6-1, entry 14) is highly wetable as exemplified by a small contact angle of ~20°. For 

this film prepared rinsing with water has no effect on their wetability. This behavior confirms 

the presence of covalently attached surface active agents.  

Water droplets placed on films prepared of the TPEG-modified dispersion (Figure 6-11; 

Table 6-1, entry 20) completely flow apart and rinsing with water has no effect on their 

wetability. Macroscopic properties, i.e. film properties, the tremendous colloidal stability and 

the altered solubility properties of the freeze-dried polymer, suggest the covalent incorporation 

of the PEG moiety even if chemical analysis can not unambiguously prove it. 

                                                 

(i) Before rinsing with water, these films exhibit a small contact angle below 40° due to 

surfactant molecules accumulated at the film-air interface during film formation. Cf. 

Tong, Q.; Mecking, S. J. Polym. Sci. A: Polym. Chem. 2009, 47, 6420-6432. 



Functionalization of Polymer Nanoparticles by Thiol-Ene Addition 

 74 

 

Figure 6-11. Contact angle measurements of the films prepared from TPEG-modified 

dispersions (Table 6-1, entry 20)  

6.3 Summary and Conclusions 

The protocol described here allows for the modification of 1,2-polybutadiene nanoparticles 

with polar groups via thiol-ene addition. Colloidally stable dispersions are obtained with the 

appropriate combinations of reagents. The amount of cyclic units formed is negligible. 

Consequently, the largest portion of the vinyl groups of the starting material is available for 

substitution. Employing comparatively less polar mercaptanes (esters or acids) complete 

conversion of the double bonds can be achieved, resulting in polar polymer nanoparticles. 

NMR studies provide detailed information of the polymer composition. With highly polar 

mercaptans, grafting of hydrophilic molecules to the surface of hydrophobic particles occurs. 

The resulting particles, stabilized by covalently bound mercaptan-based polar moieties bound 

to their surface, can be redispersed subsequent to complete drying. The approach pursued was 

also demonstrated for the tripeptide glutathione. Beyond the aspect of nanoparticle 

modification, the approach demonstrated allows for post-polymerization modification of 

syndiotactic 1,2-polybutadiene to otherwise inaccessible polymers. The crystallinity and low 

solubility of the starting material in organic solvents prohibits reactions in organic solutions. 

The findings reported underline that thiol-ene additions are a potentially useful method for 

polymer nanoparticle modification, also compatible with aqueous dispersions. 
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6.4 Experimental Section 

General methods and materials. 

NMR spectra were recorded on a Bruker Avance 400 spectrometer. 1H and 13C NMR shifts 

were referenced to residual proton and naturally abundant 13C resonances of the deuterated 

solvent. DSC was carried out on a Netzsch F1 instrument at a heating/cooling rate of 

10 K min-1 on approximately 5 mg of polymer (Tm, Tg given are from the second heating 

cycles, unless otherwise noted). The molecular weight of 1,2-polybutadiene starting material 

was determined by gel permeation chromatography (GPC) in 1,2,4-trichlorobenzene at 160 °C 

on a Polymer Laboratories 220 instrument equipped with Mixed Bed PL-columns vs universal 

calibration (BHT was added as a stabilizer). TEM was carried out on a Zeiss Libra 120 

instrument operated at 120 kV acceleration voltage. Samples were prepared from polymer 

dispersions of circa 0.02 wt.-% by drop application to a carbon-coated grid and evaporation of 

water. Dynamic light scattering (DLS) was performed on a Malvern NanoZS ZEN 3600 

particle size (173 ° backscattering) on diluted dispersions. The autocorrelation function was 

analyzed using the Malvern dispersion technology software 5.1 algorithm to obtain volume 

weighted particle size distributions. IR spectra of the isolated polymer were recorded on a 

Perkin Elmer Spectrum 100 with an ATR sampling accessory. Elemental analysis was 

conducted on an Elemental Vario MICRO CUBE. For static contact angle measurements a 

drop of dispersion (300 µL) was applied to the substrate and photographed. Glass substrates 

were cleaned with 7:3 mixtures of 96% H2SO4 and 30% H2O2 prior to sample preparation. 

All mercaptans were purchased from Aldrich and used as received. VA-057 is a generous 

gift of Wako Pure Chemical Industries, Ltd..1,2-polybutadiene dispersions were prepared 

according to [23]. 
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Radical mercaptan addition in dispersions. 

1,2-polybutadiene dispersions of 2.0 wt.-% polymer solids content were deoxygenated by 

carefully applying vacuum and flushing with argon several times. The respective amount of 

mercaptan and VA-057 initiator were added to 60 mL of the polybutadiene dispersion. In the 

case of glutathione, the scale was reduced to 1/5. For entry 19 (Table 6-1), the addition of 

another 30 mL of water was necessary to dissolve GLT . An over-pressure release was 

installed and the dispersion was heated under stirring to 50 °C. After 20 h the dispersion was 

transferred into a dialysis membrane (Spectra/Por® Dialysis Membrane with a MWCO 

6-8,000) and dialyzed against neat water for 5 days; water was changed on regular basis. The 

dispersion was reconcentrated to around 1 wt.-% polymer solids content, and filtered through 

a 20 µm nylon tissue. BHT was added as a stabilizer. 

For analyses of the bulk polymer and determination of the polymer solids content, an aliquot 

was precipitated by addition to excess methanol or brine, filtered, washed with water and 

methanol and dried in vacuum. For determination of the overall solids content, an aliquot was 

freeze-dried with a Christ Alpha 2-4 Ldplus freeze-dryer. 

Key NMR data of completely M3TP-modified polybutadiene (Table 6-1, entry 7): 1H NMR 

(CDCl3, 25 °C, 400 MHz): �  3.67 (s, OCH3), 2.76 (t, 3JHH = 7 Hz, S� CH2
� CH2), 2.59 (t, 3JHH = 

7 Hz, S� CH2
� CH2), 2.50 (b, PCH2S), 2 – 0.6 (m, aliphatic protons). 13C NMR (CDCl3, 25 °C, 

100 MHz): �  172.6 (CO), 52.0 (OCH3), 34.9 (S� CH2
� CH2), 29.7 (PCH2S), 27.2 (S� CH2

� CH2), 

18.3 (CH3). 
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7 Conclusive Summary 

Butadiene is a readily available monomer. Due to the different modes of incorporation, 

1,4-cis, 1,4-trans, and 1,2 (vinylic) in the polymer chain, polybutadienes cover a wide range of 

glass transition temperatures and crystallinities, and thus material properties. Also, the 

presence of a double bond in every repeat unit renders polybutadiene amenable to a variety of 

post-polymerization reactions. These properties are of particular interest for polybutadienes in 

the form of aqueous dispersions.  However, established free-radical emulsion polymerization 

provides dispersions of polybutadiene with a given, invariable microstructure. Catalytic 

polymerizations are of interest to this end, as they can provide microstructure control. Careful 

selection of the catalyst is important, however, as water can decompose metal-alkyl 

complexes. Mini- or microemulsion polymerization techniques are necessary to employ with 

lipophilic catalysts in order to obtain polymer dispersions. Catalytic insertion polymerization 

in aqueous emulsion is limited mainly to apolar substrates because conjugated functionalized 

olefins substantially reduce the catalytic activity or even deactivate most catalysts.60 Another 

strategy for the synthesis of polar or functional groups containing nanoparticles with defined 

microstructure is post-polymerization modification of preexisting polymer particles. 

This work presents a toolbox for the synthesis of polymer nanoparticles based on 

polybutadiene by catalytic polymerization in aqueous media and post-polymerization 

reactions. An overview over accessible microstructures of the colloidally stable nanoparticles 

is given in Scheme 7-1. 
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Scheme 7-1. Overview of Polybutadiene Nanoparticles: Syntheses and Modifications by 

Post-Polymerization Reactions. 

 

Cationic Ni(II) complexes of the type [(h3-C3H5)Ni(SbPh3)2][X], X = BAr F
4
- 

(ArF = 3,5-(F3C)2C6H3) or Al(OC(CF3)3)4
-, were synthesized and studied in polymerizations in 

disperse aqueous systems. A subtle balance of the solubility of the catalyst precursor during 
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the different stages of the polymerization is required in order to obtain colloidally stable 

polymer dispersions. For miniemulsion polymerization a predominant insolubility during the 

dispersing step is believed to prevent decomposition of the catalyst precursor and/or 

polymerization-active species, subsequent gradual complete dissolution by formation of the 

polymerization-active Ni-polymeryl species is thought to occur. Thus polybutadienes with 

number average molecular weights of typically 3×104 g mol-1 are obtained. By contrast to 

polymerization in the absence of water, or polymerization in aqueous suspension, in the highly 

disperse emulsion system incorporation of butadiene occurs in a 1,4-trans fashion 

predominantly. This is likely due to coordination of water as a ligand in the active species. 

Colloidally stable dispersions of semicrystalline polybutadiene particles of around 200 nm are 

obtained.  

The catalyst system [Co(C8H13)(C4H6)]/CS2 was known to give access to semicrystalline 

1,2-polybutadiene nanoparticles when employed in aqueous microemulsion polymerization.23 

Consecutive hydroformylation gives access to very small nanoparticles (< 20 nm) with 

adjustable carbonyl content in the form of aqueous dispersions. This represents a convenient 

route employing readily available starting materials (butadiene, CO and H2) to nanoparticles 

in this size range with a broadly adjustable and controllable polarity. The latter was 

demonstrated by fluorescence studies of the environment experienced by pyrene as a probe 

molecule. 

Copolymerization of butadiene and isoprene in microemulsion with [Co(C8H13)(C4H6)]/CS2 

was shown to be an effective protocol to obtain nanoparticles (< 25 nm) of polydienes of 

adjustable crystallinity. The catalyst slightly prefers butadiene over isoprene. Butadiene is 

inserted almost exclusively in 1,2 fashion, and isoprene inserts accordingly in a vinyl (3,4) 

fashion, and probably in at least one other mode. The crystallinity of the polymer particles can 

be adjusted from semicrystalline with a high melting point of over 150 °C to amorphous with 

a Tg of -25 °C. A preliminary copolymerization of phenylbutadiene with butadiene resulted in 
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a stable dispersion with 5 mol-% incorporated comonomer. Phenylbutadiene can be taken as a 

model substance for more complex compounds like dyes. 

A protocol was developed for the modification of 1,2-polybutadiene nanoparticles with 

polar groups via thiol-ene addition. Colloidally stable dispersions are obtained with the 

appropriate combinations of reagents. The largest portion of the vinyl groups of the starting 

material is available for substitution, as the amount of cyclic units formed is negligible despite 

the high concentration of vinyl groups given in particles. Employing comparatively less polar 

mercaptanes (esters or acids) complete conversion of the double bonds can be achieved, 

resulting in polar, functional group containing polymer nanoparticles. NMR studies provide 

detailed information of the polymer composition. With highly polar mercaptans in contrast, 

grafting of hydrophilic molecules to the surface of hydrophobic particles occurs. The resulting 

particles, stabilized by covalently bound mercaptan-based polar moieties (sulfate) bound to 

their surface, can be redispersed subsequent to complete drying. The approach pursued was 

also demonstrated for the tripeptide glutathione. Beyond the aspect of nanoparticle 

modification, the approach demonstrated allows for post-polymerization modification of 

syndiotactic 1,2-polybutadiene to otherwise inaccessible polymers. The crystallinity and low 

solubility of the starting material in organic solvents prohibits reactions in organic solutions. 

The findings reported underline that thiol-ene additions are a potentially useful method for 

polymer nanoparticle modification, also compatible with aqueous dispersions. 
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8 Zusammenfassung 

Butadiene ist einfach zugängliches Monomer und Polybutadiene decken auf Grund der 

verschiedenen Einbaumöglichkeiten von Butadiene ins Polymerrückgrat, 1,4-cis, 1,4-trans, 

und 1,2 (vinylisch), eine großen Bereich an Glasübergangstemperaturen und Kristallinitäten 

ab, so dass unterschiedliche Materialeigenschaften erhalten werden können. Durch die 

Doppelbindung, die in jeder Wiederholeinheit vorhanden ist, eignen sich Polybutadiene auch 

für eine Vielzahl von polymer-analoge Reaktionen. Diese Eigenschaften sind besonders für 

Polymerdispersionen interessant. Durch die etablierte radikalische Emulsionspolymerisation 

ist jedoch nur eine, nicht veränderbare Mikrostruktur von Polybutadien zugänglich. Deshalb 

ist die katalytische Polymerisation von Interesse, da sich durch sie die Mikrostuktur 

kontrollieren lässt. Allerdings ist eine sorgfältige Auswahl des Katalysators unerlässlich, da 

Wasser Metallalkyl-Komplexe zersetzen kann. Um Polymerdispersionen mit lipophilen 

Katalysatoren zu erhalten, ist der Einsatz von Mini- oder Mikro-

emulsionspolymerisationstechniken notwendig. Die katalytische Insertionspolymerisation ist 

vielfach auf apolare Monomere beschränkt, da Monomere, die funktionelle Gruppen 

enthalten, speziell in wässrigen Dispersionen, die katalytische Aktivität deutlich senken oder 

die meisten Katalysatoren sogar desaktivieren. Eine andere Strategie zur Synthese von 

Polymernanopartikeln von definierter Mikrostruktur mit funktionellen Gruppen ist die 

Umsetzung getrennt erzeugter Polymernanopartikel in polymer-analogen Reaktionen. 

In dieser Arbeit wird ein Baukasten für die Synthese von Polymernanopartikeln vorgestellt, 

der auf durch katalytische Polymerisation in wässrigen Systemen hergestelltem Polybutadien 

und anschließenden polymer-analogen Reaktionen beruht. In Schema 8-1 ist ein Überblick 

über die Mikrostrukturen der kolloidal stabilen Nanopartikel dargestellt. 
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Schema 8-1. Überblick über Polybutadien-Nanopartikel: Synthesen und Modifikationen 

mittels polymer-analogen Reaktionen. 

 

Kationische Ni(II)-Komplexe des Typs [(h3-C3H5)Ni(SbPh3)2][X], X = BAr F
4
- 

(ArF = 3,5-(F3C)2C6H3) oder Al(OC(CF3)3)4
-, wurden synthetisiert und ihre Polymerisations-

eigenschaften in wässrigen Systemen untersucht. Eine feine Balance der Löslichkeit des 
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Präkatalysators während der verschiedenen Stufen der Polymerisation ist notwendig, um 

kolloidal stabile Polymerdispersionen zur erhalten. In der Miniemulsionspolymerisation wird 

davon ausgegangen, dass eine weitgehende Unlöslichkeit während des Dispergiervorgangs 

den Präkatalysators, beziehungsweise die polymerisationsaktiven Spezies, vor der Zersetzung 

bewahrt und dass die anschließende nach und nach erfolgende Auflösung die polymerisations-

aktive Ni-polymeryl Spezies bildet. So werden Polybutadiene mit einem zahlengemittelten 

Molekulargewicht von typischerweise 3×104 g mol-1 erhalten. Im Gegensatz zu 

Polymerisationen unter Ausschluss von Wasser oder Polymerisationen in wässriger 

Suspension erfolgt in den hochdispersen Emulsionssystemen der Einbau von Butadien 

hauptsächlich zu 1,4-trans Einheiten. Dafür ist vermutlich die Koordination von Wasser an 

die polymerisationsaktive Spezies verantwortlich. Es werden kolloidal stabile Dispersionen 

mit circa 200 nm großen Partikeln von teilkristallinem Polybutadien erhalten. 

Vom Katalysatorsystem [Co(C8H13)(C4H6)]/CS2 war bekannt, dass es in wässriger Mikro-

emulsionspolymerisation die Synthese von teilkristallinen 1,2-Polybutadiennanopartikeln 

ermöglicht.23 Durch anschließende Hydroformylierung erhält man sehr kleine Nanopartikel 

(< 20 nm) mit einem einstellbaren Carbonylgehalt als wässrige Dispersion. Dies stellt eine 

praktische Vorschrift zur Herstellung von Nanopartikeln mit einer über weite Bereiche 

einstellbaren und kontrollierbaren Polarität dar, in der man ausschließlich gut verfügbare 

Edukte (Butadien, CO und H2) einsetzt. Diese unterschiedliche Polarität wurde in 

Fluoreszenzuntersuchungen mit Pyren als Sonde nachgewiesen.  

Die Copolymerisation von Butadien und Isopren in Mikroemulsion mit dem 

Katalysatorsystem [Co(C8H13)(C4H6)]/CS2 erweist sich als effektive Möglichkeit Polydien-

nanopartikel mit einstellbarer Kristallinität zu erhalten. Dabei bevorzugt der Katalysator 

Butadien leicht gegenüber Isopren. Butadien wird fast ausschließlich in Form von 1,2 

Einheiten eingebaut, Isopren wird analog vinylisch (3,4) eingebaut und vermutlich noch 

mindestens auf eine weitere Weise. Die Kristallinität kann zwischen teilkristallin mit einen 
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Schmelzpunkt von über 150 °C bis zu amorph mit einem Tg von -25 °C eingestellt werden. 

Vorversuche zur Copolymerisation von Butadien mit Phenylbutadien ergaben eine kolloidal 

stabile Dispersion mit einem Gehalt von 5% eingebautem Comonomer. Phenylbutadien kann 

als Modellsubstanz für komplexere Verbindungen wie Farbstoffe betrachtet werden. 

Eine Vorschrift für die Modifikation von 1,2-Polybutadiennanopartikeln mit polaren 

Gruppen mittels Thiol-En Addition wird vorgestellt. Bei geeigneter Kombination an Edukten 

werden kolloidal stabile Dispersionen erhalten. Der größte Teil der Vinylgruppen im Edukt 

steht für die Substitution zur Verfügung, da die Bildung von zyklischen Einheiten trotz der 

hohen Konzentration der funktionellen Gruppen in Partikeln zu vernachlässigen ist. 

Verwendet man vergleichsweise weniger polare Mercaptane wie Ester oder Säuren wird eine 

vollständige Umsetzung der Doppelbindungen erreicht, so dass polare, funktionelle Gruppen 

enthaltende Nanopartikel erhalten werden. NMR-spektrokopische Untersuchungen geben 

einen detaillierten Einblick in die Zusammensetzung des Polymers. Werden hingegen sehr 

polare Mercaptane verwendet, erfolgt eine Pfropfung der hydrophilen Moleküle auf die 

Oberfläche der hydrophoben Partikel. Diese so erhaltenen Partikel, welche durch auf ihrer 

Oberfläche kovalent gebundene, auf Mercaptanen basierenden, polaren Gruppen (Sulfat) 

stabilisiert sind, lassen sich nach vollständigem Trocknen wieder redispergieren. Die 

Vorschrift lässt sich auch auf das Tripeptid Glutathion ausweiten. Der Ansatz ermöglicht nicht 

nur die Modifikation von Nanopartikeln, sondern mit ihm können durch polymer-analoge 

Reaktionen an 1,2-Polybutadien auch Polymere, welche nicht anders zugänglich sind, 

hergestellt werden. Die Kristallinität und niedrige Löslichkeit des Edukts, welche eine 

Umsetzung in organischer Lösung verhindern, sind in Dispersion nicht kritisch. Die 

Ergebnisse unterstreichen, dass die Thiol-En Addition eine möglicherweise nützliche 

Möglichkeit ist, um Polymernanopartikel zu modifizieren, welche sich auch in wässrigen 

Dispersionen durchführen lässt. 
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Figure S1. IR-spectra of selected polybutadienes. Numbers given refer to entries in Tables in 

Chapter 3. 
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Figure S2. DLS traces of polybutadiene dispersion and dispersions modified by 

hydroformylation (Table 4-1). 

 

Figure S3. TEM images of 1,2-polybutadiene nanoparticles (Table 4-1, entry 1). 
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Figure S4. AFM images of 1,2 polybutadiene nanoparticles (Table 4-1, entry 1). Note, that in 

the detailed image also aggregates of a few particles are observed. 

 

   

Figure S5. AFM images of completely converted, hydroformylated nanoparticles (Table 4-1, 

entry 5). 
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Figure S6. Fluorescence spectra of pyrene (2.05 x 10-4 g/L) in polybutadiene dispersion 

(Table 4-1, entry 1; 1.92 g/L polymer solids content) in the presence of increasing 

concentrations of DAE as quencher (inlay: normalized at 373 nm). 
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Figure S7. Fluorescence spectra of pyrene in polymer dispersion with increasing polymer 

content in the absence (a, c, e, g, i) and presence (b, d, f, h, k) of quencher, normalized at 373 

nm. 
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b) 1,2-polybutadiene (Table 4-1, entry 1) + pyrene (2.05 x 10-4 g/L) + 250 � l DEA  
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c) partially hydroformylated (ca. 10%) polymer (Table 4-1, entry 2) + pyrene (2.05 x 10-4 g/L) 
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d) partially hydroformylated (ca. 10%) polymer (Table 4-1, entry 2) + pyrene (2.05 x 10-4 g/L) 
+ 250 � l DEA 
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e) partially hydroformylated (ca. 50%) polymer (Table 4-1, entry 3) + pyrene (2.05 x 10-4 g/L)  
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f) partially hydroformylated (ca. 50%) polymer (Table 4-1, entry 3) + pyrene (2.05 x 10-4 g/L) 
+ 250 � l DEA   
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g) partially hydroformylated (ca. 80%) polymer (Table 4-1, entry 4) + pyrene (2.05 x 10-4 g/L)  
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h) partially hydroformylated (ca. 80%) polymer (Table 4-1, entry 4) + pyrene (2.05 x 10-4 g/L) 
+ 250 � l DEA 
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i) fully converted polymer (Table 4-1, entry 5) + pyrene (2.05 x 10-4 g/L) 

400 500

0.0

0.2

0.4

0.6

0.8

1.0

I

l  (nm)

 HF (0.0031 g/L) 
 HF (0.021 g/L) 
 HF (0.156 g/L) 
 HF (0.46 g/L) 
 HF (1.916 g/L)

 

k) fully converted polymer (Table 4-1, entry 5) + pyrene (2.05 x 10-4 g/L) + 250 � l DEA 

400 500

0.0

0.2

0.4

0.6

0.8

1.0

I

l  (nm)

 (0.0031 g/L)
 (0.021 g/L)
 (0.156 g/L)
 (0.46 g/L)
 (1.916 g/L)

 

 



Supplementary Material 

 94 

 

Figure S8. 13C NMR spectrum of polybutadiene-co-isoprene (xisoprene = 20 mol-%, Table 5-1, 

entry 4) prepared in microemulsion, in CDCl3. 

       

Figure S9. Estimation of the minimum degree of incorporation of isoprene: Comparison of 

the 13C NMR spectra (CDCl3) of polybutadiene-co-isoprene with a) xisoprene = 50 mol-% 

(Table 5-1, entry 7), b) xisoprene = 30 mol-% (Table 5-1, entry 5) and c) xisoprene = 2 mol-% 

(Table 5-1, entry 2). 
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Figure S10. DLS traces of polybutadiene and polybutadiene-co-isoprene prepared in 

microemulsion (Table 5-1, entries 1 to 7). 
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Figure S11. IR spectra of polybutadiene and polybutadiene-co-phenylbutadiene prepared in 

microemulsion (see chapter 5-2). 
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Equation S1. Calculation of the degree of functionalization from S/C ratios determined by 

elemental analyses of isolated polymer samples (see chapter 6).  

degree of conversion = 
� � � � � � � � � � �	
�� � 


� � � � � � � � � � � � � � � � � �	
�� � 
 � � � � � � �� � � � � �	
�� � � �
 

 

degree of conversion = 
� � � � � ����� �	
�� � 


� � � � � � � � � � � � � � � � � �	
�� � 
 � � � � � � �� � � � � �	
�� � � �
 

 

x = number of carbon atoms in starting material repeat unit = 4. 

y = number of carbon atoms in product repeat unit 

v = number of sulfur atoms in product repeat unit 

w = number of nitrogen atoms in product repeat unit 

M(A) = weight of element A. 

 

 

Figure S12. IR spectra of 1,2-polybutadiene (Table 6-1, entry 1: green) and polymers treated 

with radical initiator (Table 6-1; entry 2: red; entry 3: blue; entry 4: black). 
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Figure S13. 400 MHZ 1H,1H-DQF-COSY (a), 1H,13C-gHMBC (b) and 1H,13C-HSQC (c) 

spectra of completely M3TP-modified polymer (Table 6-1, entry 7); CDCl3, 25 °C.  
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Table S1. Elemental Analysis of Mercaptan-modified Polymer Samples (c.f. Table 6-1). 

entry mercaptan isolation 

method 

(S/C)calc. 100% (S/C)found degree of 
functional-
ization 

[%] 

(N/C) calc. 100% (N/C)found degree of 
functional-
ization 

[%] 

5 M3TP precipitation 0.3337 0.0813 14 n.a. n.a. n.a. 

6 M3TP precipitation 0.3337 0.1017 18 n.a. n.a. n.a. 

7 M3TP precipitation 0.3337 0.3041 84 n.a. n.a. n.a. 

7 M3TP freeze-drying 0.3337 0.3135 n.a. n.a. n.a. n.a. 

8 3TPA precipitation 0.3814 0.1585 26 n.a. n.a. n.a. 

9 3TPA precipitation 0.3814 0.1008 17 n.a. n.a. n.a. 

10 3TPA precipitation 0.3814 0.1585 29 n.a. n.a. n.a. 

11 3TPA precipitation 0.3814 0.1865 35 n.a. n.a. n.a. 

12 3TPA precipitation 0.3814 0.3452 85 n.a. n.a. n.a. 

13 Na4TPS freeze-drying 0.7628 n.d. n.d. n.a. n.a. n.a. 

14 Na4TPS freeze-drying 0.7628 n.d. n.d. n.a. n.a. n.a. 

15 Na4TPS freeze-drying 0.7628 0.0593 5 n.a. n.a. n.a. 

16 Na4TPS freeze-drying 0.7628 0.1138 9 n.a. n.a. n.a. 

17 GLT precipitation 0.1907 0.0458 8 0.2499 0.0479 6 

18 GLT precipitation 0.1907 0.0571 11 0.2499 0.0630 9 

19 GLT precipitation 0.1907 0.0718 15 0.2499 0.0824 12 

17 GLT freeze-drying 0.1907 0.0578 n.a. 0.2499 0.0443 n.a. 

18 GLT freeze-drying 0.1907 0.0738 n.a. 0.2499 0.0571 n.a. 

19 GLT freeze-drying 0.1907 0.0882 n.a. 0.2499 0.0712 n.a. 

20 TPEG freeze-drying 0.1405 0.0368 (7) n.a. n.a. n.a. 
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Figure S14. 100 MHz 13C (top) and 400 MHz 1H NMR (bottom) spectra of 3TPA-modified 

polymer (Table 6-1, entry 12); DMSO-d6, 25 °C. 
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Figure S15. TEM image of Na4TPS-modified polybutadiene particles (Table 6-1, entry 16). 

 

Figure S16. DLS traces of GLT -modified dispersions after dialysis (Table 6-1, entries 17, 18, 

19). 



Supplementary Material 

 101 

 

Figure S17. 400 MHZ 1H,13C-HSQC spectrum of TPEG modified polybutadiene in CDCl3 

(Table 6-1, entry 20). 
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Figure S18. 400 MHZ 1H1H,13C-gHMBC spectra of TPEG modified polybutadiene in CDCl3 

(Table 6-1, entry 20). 

 

Figure S19. TEM image of TPEG modified polybutadiene particles (Table 6-1, entry20) 
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