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Introduction

1 Introduction

1.1 Polybutadiene

Polymerization of Butadiene

Butadiene is an attractive monomer convenientlylabke from steam cracking. It can be
incorporated into polymers in different fashiong(r vinylic incorporation, 1,4is and 1,4-
trans incorporation; Scheme 1-1) which gives access wad@ variety of different polymer

microstructures differing in crystallinity and meatical as well as thermal propertfes.

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

=
*(/g 4ﬁ)n o

n n
1,2-PBD  1,4-cis-PBD 1,4-trans-PBD

Free radical polymerization typically affords 149%#-tis, 69% 1,4trans and 17% 1,2
incorporation of butadiene into the polymer chairhis type of polymerization is also
compatible with emulsion polymerizatioo.f; chapter 1.2).

Anionic polymerization in solution with e.g. litmu initiator typically results in 50%
1,44rans 10% 1,4eiss and 40% vinylic (1,2) incorporation. Polar adg#s can vary the
1,2 portion between 10 and 90%. The glass tramsitemperature of standard lithium-
polybutadiene is around -93 °C, but is increasedow®0 °C at 90% 1,2 ratioDue to their
high purity and consistent quality lithium type ylmlitadienes are used mainly as modifiers in
other polymers like polystyrene, to increase thpaot resistance. Other applications are tires

and golf balls.
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Catalytic polymerization with Ziegler type complexef titanium, cobalt, nickel, and
neodymium affords polybutadiene with predominadtcds incorporation of monomer. Glass
transition temperatures below -100 °C result inoadyflexibility also at low temperatures.
Due to the high elasticity and abrasion resistaheg are mainly used, in form of their cross-
linked derivates, in tires but also for conveyeltdyeshoe soles or hose jackets. However, the
high oxophilic nature of the early transition-mstamployed requires rigorous inert reaction
conditions and ultra high monomer purity. The u$dess oxophilic late transition-metal
based polymerization catalysts thus offers an @starg alternative. In this context, cationic
nickel(Il) complexes have been studied extensivalyacademi&. Their general motif is
[(h3-CsHs)NIL ] [X]', L being a neutral ligand and A negatively charged counterion. These
catalysts show low 1,2 incorporation (around 5%y dhe ratio betweertis and trans
incorporation depends on the coordination propertiethe ligands and counter anions. A

more detailed mechanistic view is given in chafter

Post-Polymerization Modifications of Polybutadiene

Polybutadienes are well suited for post-polymer@atmodifications due to a reactive
double bond in every repeating unit. The technycaiost important such reaction is
vulcanization® Butadiene rubber thus receives its elastic pragerby introduction of
oligosulfide bridges. A large variety of furthernittionalization reactions of polybutadiene
has been reported, e.g. aminomethylation, hydilasiy, oxidation, epoxidation, or
hydroboratiort:

Also hydroformylations of unsaturated polymers Igaybutadiene in organic solution have
been well studied, albeit full conversion of theubdl® bonds were difficult to achieve, likely
due to gel formation by aldol condensation esphciat higher conversiors®
Hydroformylation allows for the straightforward iatduction of polar carbonyl moieties,

employing simple reagents {HCO) an unreacted excess of which can also bl easioved.
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The well-known addition of thiols to olefif recently termed “thiol-click” reaction, has
lately found widespread consideration as a couptimethod”® The functionalization of
polybutadienes in solution via thiol addition wasdsed by Schlaad et al. and Kornfield and
coworkers-*** Although the reaction is accompanied by side feast namely ring closing
reactions (Scheme 1-2), it can be used to introdus&le range of different functional groups
on the polymer chain. The mercaptyl radical, forgabstraction of the hydrogen atom by a
radical initiator or by an intermediately generapsdymeryl radical, adds to the double bond
in an anti-Markownikoff fashion. As a side reactidhe intermediately occuring polymeryl

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

Scheme 1-2Mechanism of Free Radical Mercaptan Addition @-Rolybutadiene including

Ring Closing Reactions according to Schidamd Kornfield*

SR

YO Y 'SR Y
—

+ HSR
-"SR
SR SR SR
desired product
+ HSR + HSR
-')S}/ l “HS J \
SR SR SR SR
2000 ool O X

further ringclosing further ringclosing
or or
hydrogen abstraction hydrogen abstraction
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1.2 Polymerization in Disperse, Aqueous Systems

Free-radical Emulsion Polymerization

Emulsion polymerization of butadiene was develoftedthe first time during the Second
World War as a substitute for natural rubber. Noayad emulsion polymerization is applied
for a range of monomers like styrene, butadiengjaes or vinyl acetate on a multi million
ton scale. Water as a continuous phase is berefiom to its high heat capacity, and its
nonflammability and nontoxicity. In addition to ge process advantages, polymerization in
agueous emulsion can give access to polymer latizeginally, the term latex referred to the
sap-like extract of the Para rubber tréteyea brasiliensis but today it is used also for
synthetic, colloidally stable, aqueous polymer disppns® Such dispersions usually consist of
polymer particles between 50 nm and 1 pum in sizeyTare stabilized electrostatically or
sterically by, most often physically adsorbed, tosuirfactants or water-soluble or amphiphilic
polymers on their surface, respectively. Laticea ba either precipitated to isoloate the
polymer, or used directly in applications like dongs, paints, adhesive and paper
manufacturing. For these applications the formatodna continuous polymer film on a
substrate upon evaporation of the aqueous meditine isey step?

The mechanism of emulsion polymerization is compéed details are still subject to
debate. Nevertheless, some general features camtlbeed. The term ‘emulsion’ refers to the
initial state before the polymerization. A watesauble monomer is dispersed in water and
surfactant is adsorbed on the surface of the ldrgplets. Additional surfactant aggregates to
micelles. A water-soluble radical initiator reaetsh monomer molecules which are present
in a small equilibrium concentration in the aguepbhase. The short chain radical can either
grow up to a critical chain length at which it bews water-insoluble and collapses onto itself

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

droplet is comparatively low because of the by mieger adsorption cross section of

micelles, present at much higher number densilibs. droplets thus serve as reservoirs for
monomer which constantly diffuses to the growingipkes through the aqueous phase.

In suspension polymerization a water-insoluble nmoeo is also polymerized in water,
however, the presence of surfactant is not manglatoicontrast to emulsion polymerization,
a monomer-soluble radical is used. The monomerlet®@re the locus of reaction. As a
consequence, the particles obtained are much lapgé5 pm) and precipitate during
polymerization.

Latices of polybutadiene are accessible via freced emulsion polymerization, however,
the microstructure is difficult to control (a typic microstructure is 14% 1@ds, 69%

1,4trans and 17% 1,2), and crosslinking and gel formatian also occut.

Mini- and Microemulsion Polymerization

As outlined before, emulsion polymerization regsitiee ability of the monomer to diffuse
through the aqueous phase. This is not realized sufficient extent for very lipophilic
monomers and, as a consequence, the low monomeerdoation limits reaction rates.
Miniemulsion polymerization can circumvent this pl@m. Water, surfactant and organic
phase (mainly monomer) are exposed to high sheeedpgenerated e.g. by ultrasonication,
forming very fine droplets (diameters typically d®0 up to several hundred nm). These are
stabilized against Ostwald ripening by a hydrophabd thus can be kinetically stable over
prolonged periods. For miniemulsions, the polynaian occurs in the original droplets and
lipophilic as well as water-soluble initiators cha employed. In the latter case, nucleation
outside the droplets is suppressed by the highrgtigo cross section of the numerous small
droplets. Free-radical miniemulsion polymerizatibas been investigated extensivily.

Typical particle sizes are in the range of theinagminiemulsion droplets, however, one to
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one polymerization of droplets to particles is itieal case that does not apply to many real
systems.

A microemulsion is a thermodynamically stable migtof at least two immiscible liquids,
usually water and an organic liquid in the presevifca surfactant. It exists in a certain range
of composition and a cosurfactant like an alcobalfien required to reach the microemulsion
regime. Microemulsions form spontaneously as glabulwater-in-oil or oil-in-water),
lamellar, or irregular bicontinuous structures. Racroemulsion polymerization the original
droplets are not necessarily polymerized one to tonparticles, but rather rearrangement
occurs. Free-radical microemulsion polymerizatidfords particles as small as 5 - 10 nm,
albeit it must be noted that for a given monomeemafle to classical free radical emulsion
polymerization this procedure can not necessamlyabdopted to microemulsion conditions

straightforwardly*’

Catalytic Emulsion Polymerization

Transition-metal catalyzed polymerizations are eéfrgcomplimentary to free-radical
techniques in terms of the polymers accessiblepbavide access to a broader scope of
microstructures. For example, the stereoreguladfy the monomer incorporation or
monomer-comonomer composition can be controlled.

Ziegler type catalysts are used predominantly molustrial polymerization of olefins and
dienes® They rely on complexes of early transition metids Ti, Zr, Cr, or V, which are
prone to deactivation in the presence of water wuéheir oxophilic nature. In contrast,
catalyst systems based on late transition metidsNii, Pd, Co, Ru, or Rh which are less
oxophilic as compared to their early metal courdesy have been employed for
polymerization in aqueous systems. For more detaitviews cf. [18], some catalytic
polymerization even in aqueous (protic) media alfifog dispersions will be highlighted

below.
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A high degree of dispersion of the initial reactionxture is a prerequisite for obtaining
stable latices. In this context, mini- and microdsian techniques using hydrophobic catalyst
precursors predominate, but also water-solublelysttgrecursors can be utilized. Most
known polymerization catalysts are hydrophobic. Hesign of hydrophilic ligand systems
that solubilize and stabilize active catalyst spgcin polar (protic) reaction media is a
promising alternative to emulsion technique, bypliss a considerable synthetic effort.

In-situ prepared water-soluble nickel(ll) phosplenolate complexes give access to
ultrasmall polyethylene particles of low molecuteeight’® Defined water-soluble nickel(ll)
salicylaldiminato complexes ([(N*O)NiMeL] L = neatr monodentate water-soluble ligand)
afford surfactant stabilized high molecular weigiyethylene nanoparticles (< 20 nffl).
Polyethylene microstructures can be varied fromisestalline to completely amorphous by
variation of remote substituents of the salicykalies* Analogous lipophilic nickel(ll)
salicylaldiminato complexes give access to polyletiy and polyolefin dispersions (typical
particle size 200 nm) in miniemulsion polymerizatfd Note that miniemulsions in this case
have a slightly different composition as ethylema igas under reaction conditions. A solution
of the catalyst precursor in an organic solvenmigsiemulsified, and ethylene pressure is
applied. Microemulsion polymerization was realizeith both water-insoluble nickel(ll)
phosphinoenolate and nickel(ll) salicylaldiminatnplexes, respectivefy.

Ring opening metathesis polymerization (ROMP) aflicymonomers such as cyclooctene,
1,5-cylcooctadiene, or norbornene affords polyadkeers. Simple Ruglcan be used as a
catalyst precursor in principle, but the best rssuh terms of activity, especially with
unstrained monomers or in the present of functigmalips or protic solvents, are obtained
with defined ruthenium alkylidenes compleXé<Dispersions with high solids contents of
polynorbornene were obtained with water-solublehentum alkylidenes employed in
macroemulsion&> Miniemulsion polymerization of cyclooctene and -tycooctadien® as
well as norbornerf@ was demonstrated. Commercially available metashesitalyst
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precursors can be employed in microemulsion poligagon of cyclooctene, cylcooctadiene,
and norbornene to afford, again, ultra small polymanoparticle$®

Norbornene can also be polymerized by an inseriechanism with palladium catalysts.
The use of slightly water-soluble PdGh aqueous emulsion affords ultra small particle
dispersions, however, only oligomers are obtaffie@efined catalysts based on the
precatalyst [(*-allyl)Pd(PCy)CI] can be miniemulsified with norbornene, andypoérization
affords insoluble particles with a broad size dsttion?®

Strictly alternating CO/1-olefin dispersions cangrepared via a miniemulsion technique
using lipophilic palladium precursors, or altermatewith water-soluble palladium
complexe<® Polyacetylene and polyphenylacetylene dispersivese obtained employing
palladium catalysts with bulky phosphine ligands rimini- or microemulsiori® Such
dispersions allow for processing of polymer, wharte unprocessable as bulk material, as
illustrated by ink-jet processing to circuit patifgoolyacetylene dispersions.

Different synthetic routes of catalytic polymeripat of butadiene in agueous systems are
known. An early report describes the use of rhodigalts for the synthesis of
1,44ranspolybutadiene in water or other polar solventswieeer, polymer yields are very
low, and dispersions were not obtained. The natfirthe catalytically active species has
remained uncleat: By the aforementioned ROMP with (neutral) ruthemiwalkylidene
complexes as catalyst precursors 1,4-polybutadi@tiees can be obtained with 1,5-
cyclooctadiene as a mononfeér.

The neutral cobalt compl&X[Co(CsH13)(CaHe)] in the presence of GSiffords dispersions
of syndiotactic 1,2-polybutadiene, using mini- cicraemulsion techniquées: ** The catalyst
is prepared in-situ by reduction of Co(ll) saltstive presence of butadiene and,O&hich
likely acts as a ligand. Under miniemulsion corais polybutadiene particles around 200 nm
in diameter are obtain€d® The polymer exhibits a high melting point of 19D reflecting the
high crystallinity of the syndiotactic 1,2 enchaiem. However, the high crystallinity of the

8
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polymer particles disturbs film formation. Additsvavith an electrophilic carbon atom like
amides can coordinate to the active species amifisantly lower the crystallinity due to an
increased incorporation of butadiene in a digtfashion. This results in melting points as low
as 60 to 100 °C. Another strategy to less cryselparticles is copolymerization. The catalyst
is not able to incorporate styrene, but stable lpaldiene-co-isoprene dispersions are
obtained, however, isoprene incorporation is lovd aatalyst activities are significantly
reduced. A dispersion of ultra small (circa 14 rpo)ybutadiene particles can be obtained
form a microemulsion prepared from butadiene, wa&S surfactant, and propanol as a
cosurfactant with [Co(§H13)(CsHe)] / CS; as a catalyst systefiAs anticipated, syndiotactic
1,2 enchainment of butadiene predominates (94%6%21 ,4¢is). Interestingly, this results in
a slightly lower melting point of 160 °C as compghte particles obtained from miniemulsion
polymerization and is possibly due to a constricisdtal size.

Cationic organometallic complexes are generallyenmone to undesired reactions with
water due to their increased electrophilicity byngarison to their neutral counterparts. Thus,
studies of catalytic polymerization in aqueous ays in general have relied on neutral

catalysts®

1.3 Post-polymerization Reactions on Polymer Nanopddg

Polymer nanoparticles are of broad academic andusindl interest. Beyond the
aforementioned large scale technical applicatidnsotymer dispersions, further examples of
specific topics of interest are the introductionl aransport of guest molecules such as poorly
water-soluble drugs, carriers in aqueous multiplzadalysis, or homogeneous incorporation
of functional molecules into solid materidfsin many cases, nanoscale entities of < 30 nm

size are desirable. Also, the presence of theghestas aqueous dispersion is required.
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Both dendrimers and polymer aggregates have besledtas hosts for small molecules
due to their ability to form amphiphilic structuregith an apolar interior and a polar
periphery**® 91 The multistep synthesis for preparing dendrimess,well as the strong
dependence of size and structure of polymer agtgegan external conditions like
concentration or temperature, can be a limitatdm.alternative are polymer nanoparticles
prepared by the aforementioned heterophase polyatem. Very small polymer particles
(< 30 nm) are accessible with water-soluble catglyscursors, or by free-radical or catalytic
microemulsion polymerization. While catalytic polgneation allows for microstructure
control, it is largely limited to apolar hydrocarbomonomers® Post-polymerization
functionalization of these nanopatrticles could owete this limitation.

Despite the large number of reports on post-polyzagon functionalization in organic
solvents, only few modifications were studied im@gus dispersion. In modification reactions
of polymer nanopatrticles, their efficiency and oalll stability of the product nanoparticles
are obviously central issues. Amongst others, cmme efficiency will depend on the
miscibility of the polymer phase with the reageatsployed, and the accessibility of surface
reactive groups. Both complete conversion, or serfaodification are possible.

Complete hydrogenation of polybutadiene in the fasfmaqueous dispersion has been
demonstrated, however, hydrogenation does not mpocate functional group$.
Hydroformylation, in contrast, was employed to duluce polar carbonyl group®: 3’
Regarding the post-polymerization modification ahoparticles by high-yielding reactions,
in addition to established coupling methods of oayfic acid derivatives, Huisgen azide
alkyne cycloaddition on small entities such as gslica or also polymer nanoparticles for
modification of their surface is well document&dlhe thiol-ene reaction appears a useful
extension of the methods available for the poswpetization reaction of polymer
nanoparticles in that it can be applied to andoimgatible with other reactive groups, and in
some cases the absence of added metal catalystsyeohfgor promoting the alkyne-azide
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addition can be advantageous. Notably, the thiel+eaction has recently been employed for
surface grafting of poly(divinylboenzene) micropaes with short-chain, thiol-end-capped
polymers®® and of poly(divinylbenzene) particles of 100 nrzesiwith embedded smaller

inorganic particle&’
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2 Objective

Butadiene is a readily available monomer. Due ® different modes of incorporation,
1,4<is, 1,44rans and 1,2 (vinylic) in the polymer chain, polybuttks cover a wide range of
glass transition temperatures and crystallinitiesgd thus material properties. Also, the
presence of a double bond in every repeat unitersnoolybutadiene amenable to a variety of
post-polymerization reactions. These propertie&particular interest for polybutadienes in
the form of aqueous dispersions. However, estaddigree-radical emulsion polymerization
provides dispersions of polybutadiene with a givewariable microstructure.

The aim of this work was therefore the generatidnpolybutadienes with variable
microstructures by novel catalytic emulsion polymn&tions. This required, amongst others
the finding of appropriate catalysts. Further, rfiodtion of the resulting dispersions by
post-polymerization reactions, particularly withspect 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(ll) Complexes

Cationic Ni(ll) complexes of the typeh{-CsHs)NiL,] " [X], L being a neutral ligand and X
a negatively charged counterion, are well knowbhddighly active for 1,4-polymerization of
butadiene in nonaqueous solution. Thes/trans selectivity depends strongly on the
coordination properties of both ligands and couotexr. Neutral complexes of the
late-transition metal nickel were already employaetccessfully in aqueous systems for
polymerization of olefins. Therefore, this type admplexes was considered as possible

candidates for emulsion polymerization of butadiene

3.1 Complexes

Complex1 and analogs d? with other counterions are known to polymerizeabligne and
other dienes with a high activity in organic soltsr* For a complex [{>-CsHs)NiL,] A" as
a catalyst precursor, formation of the polymerimatactive species requires that sites for the
coordination of monomer are provided by dissociatiof L? Complexesl, 2 and 3,
respectively, all contain relatively weakly bindiligands L, a singl&®-coordinating arene in
1 and two monodentate SbPhigands in 2 and 3. The noncoordinating BAf
(ArF = 3,5-(CR),CsHs) counterion provides solubility in organic solvent The
Al(OC(CRs)3)4 anion has been suggested recently as an altegrtati’ommonly used borate
anions??

Complex 1, with BHT (BHT = 3,5-ditert-butyl-4-hydroxytoluene) as &°-ligand, was
prepared according to a known procedidrdnalogs of complex2 and 3 with the weakly
coordinating counterions BFand BR have been reported previou$fyOne of the synthesis

procedures reported already suggests some stattilttye cation toward water: a solution of
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the presumably intermediately formed¥(CsHs)Ni(SbPh),]JX (X~ = halide)exchanges its
anion with an aqueous Nag$olution. However, the contact to water was mimgdi as the
product [h3-C3Hs)Ni(SbPh),]PFs immediately precipitated2 and 3 were obtained by
reaction of [{3-CsHs)NICl} 5] with SbPh and NaBAF,, or Li[AI(OC(CFs)s)4] respectively,

in diethyl ether.

®

OH
® ®
SbPh SbPh
€] 7 3 S F S 3 ©
an BAF <<—N| BAr%, [<<—N| AI(OC(CF3)3)4
<< 4 “SbPh, “SbPh,

1 ArF = 3,5-(CF3),CeH3 9 3

The molecular structure @fwas determined by single crystal X-ray crystaléqdry (Figure
3-1)* The coordination environment of the Ni(ll) centersymmetrical as expected, with
Ni-C1 2.0501 (0.0055) , Ni-C3 2.0325 (0.0062) , and Ni-Sb1 2.4617 (0.0007), Ni-Sh2
2.4599 (0.0007) (Sb1-Ni-Sb2 103.23 (0.03)°). The central carbameabf the allylic moiety
was found to be disorderd (Ni-C2a 2.0205 (0.0096and Ni-C2b 2.0099 (0.0154) with
60% C2a and 40% C2b). No strong cation-anion iotema is evident from the structure in

the solid state.
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Figure 3-1. X-ray diffraction analysis of comple8 (50% ellipsoids, H-atoms omitted for

clarity). The solid-state structure is disorderathuZ2 occupying two split positions.

3.2 'H NMR studies of Reactivity towards Water

'H NMR studies were carried out in order to surey teactivity ofl and2 toward water.
Exposure ofl to 10 equivalents of water in GOI, solution at room temperature results in
decomposition within minutes, to form a black salittl the free arerie.

Complex2 stays intact under identical conditions. TheNMR signals, including those of
the characteristic allylic system, remain unalterédso macroscopically no change is
observed, the solution remains colored intenselg, rand no precipitate is formed.

Interestingly, the reactivity o toward butadiene is different in the absence andhe

(i) Intermittently signals of a new allylic systemme observedtH NMR (CD,Cl,, 25°C, 400
MHz): 5.88 (it,J = 13 Hz,J = 6 Hz), 3.04 (dJ) = 6 Hz), 2.04 (dJ = 13 Hz). It is
speculated that these signals arise from a compleshich water acts as a coordinating
ligand.
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presence of traces of water (Figure 3-2). In batbes, addition of butadiene results in an
immediate change of the signals of the SpRiand and the disappearance of the allylic
signals of2. Presumably, displacement by the monomer (ant#®munsaturated moieties in
the growing polymer chain) occurs. In the abserfoeater,2 rapidly polymerizes butadiene
to 1,4<cis-polybutadiene, as expected for Ni(ll) complexethwieakly coordinating ligands
and anion$. Polymerization is also observed immediately in pnesence of water after the
addition of butadiene, but at a lower rate. Stgkyn the polymer formed largely consists of
1,44ransrepeat units, as evidenced by the different slodpiee signals of both the methylene
and methine protons (Figure 3-2).

Butadiene can coordinate in two different modemiog ananti and asynbutenylnickel(ll)
complex €f. Scheme 3-1). Theis-trans selectivity depends kinetically on the reactivitfy
these complexes and thermodynamically on the carateon of both. In general, a higher
trans selectivity is accompanied with a decrease invagtf A strongly coordinating ligand
can shift the selectivity towardrans. A possible explanation for the preference for

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

Cationic Allylnickel(Il) Complexes according to Tiaef
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Figure 3-2. Reactivity of complex toward butadiene in the absence (top) and in teggmce
(bottom) of water (400 MHZH NMR spectra, 500 pL CiTl,; 25 °C; initial concentrations

of [2] ca. 40 mmol [}; [butadiene] ca. 240 mmol).
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3.3 Polymerization Studies

Solution Polymerizations

Polymerization activities observed with and 3 as catalyst precursors in dry solvents
(entries 1-4 and 1-7 in Table 3-1) are comparablactivities reported for analogous SbPh
complexes with other noncoordinating counteriondaursimilar conditioné® The activity of
2 is lower in the presence of added water, and &ehigans incorporation is observed.
Polymer analysis revealed that the degrewaofs incorporation correlates with the solubility
of water in the organic solvent utilized (entrie$ &nd 1-8 in Table 3-1) (solubility of water
in toluene 0.06 wt.-%, in methylene chloride 1.6-%t at 30 °Cf°> An increase of the
polymerization time from the standard 30 min to i the presence of water (entries 1-5 and
1-6 in Table 3-1) resulted in a similar conversam overall catalyst productivity in terms of
monomer converted per metal center present inghetion mixture as in the absence of water
(entry 1-4 in Table 3-1). That is, the polymerinatis slower in the presence of water, but the
catalyst remains intact at least partially oveldqmnged time under these conditions.

Under water-free conditions the catalyst formednfroomplex1 is somewhat more active
than2, as previously reported (entry 1-1 in Table 3*1Jhe polymerization proceeded with a
strong exotherm, the temperature rising by 25 °@hiwi minutes despite cooling of the
reactor. In this case, the observed catalyst &¢tiwilimited by the complete consumption of
butadiene. The effect of water on the polymerizatioth 1 is more pronounced than wigh
When water is added tb directly before starting of the polymerization tfgnl-2 in Table
3-1) a limited conversion of butadiene is observEs is likely due to a decomposition of
this catalyst precursor by water, as observed ia #forementioned NMR studies.
Accordingly, exposure ot to water for 15 min prior to polymerization resulh a further

lowering of butadiene conversion (entry 1-3 in EaBil).
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Table 3-1.Solution Polymerizatichof Butadiene witH., 2 and3.

no complex solvent BD PBD’[g] TON M, (My/M,)¢ vinyl/trans/ci§
([ mol]) [g] (vield [%]) [mol(BD)/mol(Ni)] [10° g mol]

1-1 1(25) toluene 15 15.0 (100) 1.1x%10 34 (4.4) 4/4/92
1-2 1(25) toluene + watér 15 4.2 (28) 3.1x10 11 (1.8) 4/7/89
1-3 1(25) toluene + watdr 13 2.3 (18) 1.7x10 11 (1.8) 4/6/90
1-4 2(25) toluene 13 10.3(79) 7.6x10 31(3.0) 4/3/93
1-5 2(25) toluene + watér 16 5.8 (36) 4.3x10 12 (2.0) 4/6/89
1-6 2(25) toluene + watér 15 9.7 (66) 7.2x10 8.0 (2.2) 4/8/88
1-7 2(25) CH,Cl, 11 7.8(71) 5.8x10 12 (2.5) 4/3/93
1-8 2(25) CH,Cl,+ watef 16 1.3 (8) 1.0x1d 5.0 (1.9) 4/13/83
1-9 3(25) toluene 13 11.5(88) 8.5x10 35(3.5) 4/3/93

a: reaction conditions and procedute? or 3, respectively, dissolved in 100 mL of the orgasotvent, where
applicable addition of approx. 2 mL of water, agditof butadiene, polymerization for 30 min (4 hh éntry 1-6)
at 25 °C. b: isolated by precipitation with methlano: determined by GPC vs. polystyrene standards.
d: determined by IR. e: addition of 2 mL of watéredtly before polymerization. f: addition of 2 ndf water
15 min before polymerization.

Suspension Polymerization

A certain degree of stability of the catalyst tovawater is a prerequisite for
polymerizations in disperse agueous systems sushisggension polymerization. This can be
realized by a nonaqueous prepolymerization followeg the actual suspension
polymerization.1 or 2 were dissolved in a small amount of a mixture etimlene chloride
and toluene, which is a solvent for the complexvall as for the polymer formed in the next
step. A small amount of butadiene was added, raguih polymerization ¢f. Table 3-2 for
details). After this prepolymerization in the abserof water, water and further butadiene
were added, and the mixture was stirred vigoroudbjymerization continues, with rates and
conversions comparable to solution polymerizatiomghe absence of water (Table 3-2,
entries 2-1 and 2-2, vs. 1-1, 1-4 and 1-7). Therdpldobic polymer formed in the

prepolymerization appears to hinder the access atémto the active species to a certain
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extent. As in the aforementioned solution polymatians with added water, a slightly higher
transincorporation is observed by comparison to polyrations in the absence of water.

Due to the high heat capacity of water, the read@mperature can be controlled well, also
a low viscosity of the reaction mixture can be neimed. When stirring is stopped at the end
of the suspension polymerization the highly vis¢diggiid polymer phase readily separates
from the aqueous phase. For all polymers obtairredh fthe solution and suspension
polymerizations a glass transition temperature ralotl00 °C is observed in DSC, as

expected for polybutadienes with a high gigeontent.

Table 3-2.Suspension Polymerization and Emulsion Polymednatith Prepolymerizatich

of Butadiene.

no complex BD aqueous PBD’ TON M, (My/M,)¢ vinyl/trans/ci§
([ mol]) [g] phase [g] (yield %) [mol(BD)/mol(Ni)] [10° g mol?]
2-1 1(20) 25+23 water 175(69)  1.6X10 23 (3.2) 3/5/92
22 2(20) 2.9+25 water 18.2(65)  1.7¥10 24 (2.8) 4/6/90
2.3 1(20) 3.7+11 water/SDS 5.5 (37) 1.7%10 22 (2.7) 3/13/84
2-4  1(20) 2.2+11 water/SDS/ 0.6 (5) 5.6x18 n.d. n.d.
sonication

a: reaction conditions and proceduteor 2, respectively, dissolved in 0.5 mL of methylenédde and 5 mL
of toluene (1 mL of methylene chloride and 20 mltaifiene for entry 3 and 4), prepolymerization @€ with
small amount of butadiene for 4 min, then additddrl00 mL of water, or 120 mL of water and 0.9 gD
respectively, and large amount of butadiene untlming, 1 min of sonication where applicable (gng-4),
suspension or emulsion polymerization for 1 h (estR-1, 2-2) or 4 h (entries 2-3, 2-4), respetyivat 20 °C.
b: isolated by precipitation with methanol. c: adetmed by GPC vs. polystyrene standards. d: detextnby IR.

Emulsion Polymerization with Prepolymerization

Most commonly surfactants, which are physicallymbto the polymer particle surface, are
employed in emulsion polymerization to colloidashabilize the polymer particles formed. To
probe for any conceivable unfavorable interactibrsurfactants with the cationic catalyst,

SDS surfactant was added with the aqueous phas# nodditions otherwise identical to the
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aforementioned suspension polymerization with (entry 2-3, Table 3-2). Butadiene
polymerization proceeded, but the conversion wgsifstantly lower than in the absence of
surfactant, despite a longer reaction time. As etquk the polymer is formed as a colloidally
instable macroemulsion, which exhibits strong skingrafter stopping of the stirrer. A direct
interaction of the cationic nickel center and th&factant anion appears unlikely as the reason
for the lower activity. The experiment was repeatgtth other surfactants including nonionic
surfactants (Dowfax, Lutensol, Plantacare), butalhcases the catalyst productivity and
monomer conversion was equal to or even lower WidtnSDS.

To obtain a polymer latex, a high degree of didparsof the catalyst in the initial
polymerization mixture is a prerequisffeThis can be realized for the lipophilic catalyst
precursors studied by miniemulsification of theusioin obtained from prepolymerization in
the absence of water. The latter solution wassdimecated with an aqueous SDS solution and
additional butadiene (entry 2-4, Table 3-2). Nahar butadiene polymerization appears to
occur in the emulsion obtained. As a product alstiiex was obtained, however this is a
secondary dispersion of the polymer formed durimgrionaqueous prepolymerization rather
than an emulsion polymer. Creation of a large fater between organic and aqueous phase

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

Emulsion Polymerization without Prepolymerization

In accordance with these considerations, a simpawscedure without nonaqueous
prepolymerization, namely miniemulsification byrakonication of mixture of a solution &f
in methylene chloride, butadiene, and an aqueouS Siution resulted in the formation of
traces of polymer only. When an analogous procedaseconducted with pentane, in whizh
is completely insoluble, instead of methylene dlliey substantial amounts of polymer were

obtained indeed, however in the form of coagulate.
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Stable polybutadiene latices could be obtainedifm-tuning the conditions such that the
precatalyst is only slightly soluble, and dissolvady to a small part in the initial mixture
(Table 3-3). Mixing of complexX with a small amount of toluene insufficient fornaplete
dissolution of2 resulted in a dark red solution with a yellow dolJpon stirring vigorously
with excess water the red color remains, indicatimegpresence of intact complex. This is also
the case after miniemulsification, and discolorioigly occurs after polymerization upon
releasing residual butadiene pressure and exptsaie

A possible explanation is that the insolubilitytbe catalyst precursor, which results in a
low reactivity, largely prevents decomposition dgrithe miniemulsification step. The active
species ¢f. Scheme 3-1) may be more prone toward decompodityowater, particularly
during the vigorous mixing conditions of miniemfilsation, than?2. Dissolution of the
catalyst precursor to the active Ni-polymeryl spscoccurs relatively slowly and only after
the miniemulsification step, in the organic droplgenerated. The solubility of the precatalyst
needs to be balanced subtly, as complete insdlub@sults in colloidal instability of the
product reaction mixture as outlined. The impor&aont catalyst solubility is underlined by
polymerization experiments conducted wghThe Al(OC(CE)3), anion provides a higher
solubility in toluene. Accordingly, polymer yieldsider identical conditions are significantly
lower.

The polymer from all emulsion polymerizations wyhrtly dissolved® or 3 is formed as a
stable dispersion, only samples with the highedidsocontent exhibited a very slight
skimming. Remarkably, the polymers formed contaitfians repeat units predominantly
(Table 3-3). The high degree of dispersion presetite emulsion system appears to promote
interaction of the catalyst with water to such aest that the microstructure is entirely
altered. A conceivable radical polymerization medtiam appears unlikely as 1,2

incorporation remains much lower (4%) than woulcekpected for a radical polymerizatidn.
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Indeed, comparative free-radical emulsion polynaiins of butadiene (e.g. 25 °C or 50 °C;
initiator WAKO VA-044 = 2,2'-Azobis[2-(2-imidazol#2-yl)propane]dihydrochloride; SDS
surfactant) and analysis of the polymer formedunimands afforded a 1,2-content of 21% and
17% respectively (for selected IR spectra see supghtary material). Catalytic emulsion
polymerization also occurred in the presence of 2 & BHT radical inhibitor. The
microstructure is unaffected by the presence of &P 1,2). As expected, polymerization
rate is reduced (ca. fivefold) as BHT can coordirtatthe NI center ¢f. complexd).

As stated previously, the turnover frequency foralydic 1,4irans polymerization with
cationic nickel(ll) complexes tends to be much lowsan for 1,4eis polymerization. The
system studied is among the most active reportethte fortrans polymerizatiorf. Number

average molecular weights of the polybutadieneainbt! are several 1 mol*.
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Table 3-3.Emulsion Polymerizatidrwithout Prepolymerization of Butadiene wRkand3.
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a: reaction conditions and procedure for entridst8-3-3:2 dissolved (for entry 3-1)/dispersed (for entry,3-2
3-3) in the organic solvent and 0.2 mL hexadecadsdition of 0.9 g SDS in 120 mL water and butadiéhmin
ultrasonication, 25 °C. Reaction conditions forriesst 3-4 to 3-92, respectively3, dispersed in toluene and 0.6
mL hexadecane, addition of 2.25 g SDS in 300 mLewand butadiene, 2 min US, 25 °C. Entry 3-7: ferth
addition of butadiene after 30 min. b: isolated fmgcipitation with methanol. c: determined by GPE v
polystyrene standards. d: determined by IR.
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The catalyst remains active for at least 30 minr{ed2 vs. 3-3; and entry 3-7, Table 3-3).
Overall catalyst productivity and polymer yields revéhigher (entries 3-4 to 3-7), when the
reaction was performed on a larger scale of 300amd with a correspondingly increased
amount of catalyst and monomer.

Complex1 was deactivated under similar conditions duegdigher sensitivity to water.

3.4 Polymer Properties

The hightrans content results in a semicrystalline solid polynigdtrans polybutadiene is
known to exist in a monoclinic form at room tempera and to undergo a crystal to crystal
transition at elevated temperature to form a hemabform, which subsequently meffsThe
equilibrium phase transition temperature was catedl to be 83 °C for 100% 1trans
polybutadiene, and the equilibrium melting tempemtto be 164 °¢® In differential
scanning calorimetry (DSC) the polymers from polyizegion in emulsion show an
endothermic peak ranging between 47 °C and 49 °Chwtan be associated with the change
of the unit cell, and a broader endothermic peakéen 70 °C and 80 °C when melting
occurs. It is well-known for 1,&ans polybutadiene, that the phase transition tempegatu
depends not only on the stereo errors but thag tisest strong influence of the thickness of the
lamellae. More than one phase transition tempegatan be observed if the polymer consists
of lamellae of different thickness. It is evidendrh the first heating trace that the polymer is
generated in emulsion in the monoclinic form. Hoer\uthe endothermic peak is slightly
broader than in the second heating which couldssegaed to lamellae of different thickness.
The melting temperature is lower by comparison he talculated equilibrium melting

temperature of 1,ranspolybutadiene due to the presenceisfand 1,2 repeat units.
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Figure 3-3. Differential scanning calorimetry of 1panspolybutadiene synthesized via

emulsion polymerization without prepolymerizati@n{ry 3-6, Table 3-3).

The stable, opaque white polybutadiene laticesamorgarticles of around 200 nm size, as
observed by TEM (Figure 3-4). The particles are feaitureless but appear to consist of
several staggered layers. This is thought to caigifirom the crystalline nature of the polymer

as 1,4trans polybutadiene crystallizes in lamellae.

Figure 3-4. TEM images of 1,4rans-polybutadiene particles prepared in emulsion gentr

3-6, Table 3-3).
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Electron diffraction (ED) analysis of a latex peli affirms the crystalline nature (Figure
3-5). It has been shown that under the radiatioeleftron beam during the ED investigation
of 1,4-PBD the phase transition from monoclinichiexagonal crystal form occut$As a
consequence usually a coexistence of both ED pattgrobserved. In order to delay the phase
transition process and minimize the damage of kbetren beam to the packing order of the
crystal, the sample was cooled down to -64 °C usimgyo sample holder and the TEM was
directly set to the selected-area electron diffoectode. Figure 5 shows the ED pattern from
a single crystal or some lamellae with the samentaition corresponding to the (001) zone of

a monoclinic crystal with the spots from (200),@1L2nd (040) planes.

Figure 3-5. Electron diffraction pattern of a monoclinic ltrénspolybutadiene particle

prepared via emulsion polymerization (entry 3-6)l€e8-3).

3.5 Summary and Conclusions

Catalytic polymerizations can be carried out inpdise aqueous systems with cationic
Ni(ll) complexes. Polybutadienes with number averagolecular weights of typically

3x10* g mol* are obtained. A subtle balance of the solubilityhe catalyst precursor during
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the different stages of the polymerization is reggiin order to obtain colloidally stable
polymer dispersions. A predominant insolubility itgr the dispersing step is believed to
prevent decomposition of the catalyst precursor/a@angolymerization-active species,
subsequent gradual complete dissolution by formatmf the polymerization-active
Ni-polymeryl species is thought to occur. By costréo polymerization in the absence of
water, or polymerization in aqueous suspensiontha highly disperse emulsion system
incorporation of butadiene occurs in a frdas fashion predominantly. This is likely due to
coordination of water as a ligand in the activecggse This provides access to dispersions of

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

3.6 Experimental Section

General Considerations

All syntheses and the handling of Ni(ll) complexusimns were carried out under inert gas
atmosphere using standard Schlenk and gloveboxitpeds. Toluene and diethyl ether were
distilled from sodium, methylene chloride from Gadnder argon. Pentane was passed
through columns with molecular sieves and coppéalyst (BASF R 3-11). Demineralized
water was degassed by distillation under a stelagly df nitrogen. Hexadecane was degassed
via several freeze-pump-thaw-cycles. Butadienew&§ purchased form Air Liquide. NMR
spectra were obtained with a Varian Unity INOVA 4@0with a Bruker Avance DRX 600
spectrometer'H and**C NMR chemical shifts were referred to the solveighal. DLS was
performed on a Malvern instrument with 173° bachtseing. DSC was carried out on a
Netzsch F1 at a heating/cooling rate of 10 K/minapproximately 5 mg of polymer §TT
and T, given are from the second heating curves). GPQysa®wm were performed with a
Polymer-Laboratories GPC50 instrument with refrgetindex detection equipped with two

Mixed C columns in THF at 50 °C against polystyrestendards. IR spectra of the pure
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polymer were recorded on a Perkin Elmer Spectruth With an ATR sampling accessory;
quantitative analyses were calculated accordif§@p TEM was carried out on a Zeiss Libra
120 instrument operated at 120 kV accelerationagelt Electron diffraction patterns were
recorded at -64 °C using a Gatan low temperaturgkaholder.l was prepared according to
a reported procedufé. [{(h3-CsHs)Ni( -Cl)};] was obtained from MCAT, Konstanz,
Germany, Li[AI(OC(CR)s3)s] from IloLiTec lonic Liquids Technologies, Denzlieg,

Germany.

Synthesis of [h3-C3Hs)Ni(SbPhs),]BAr 74 (2)

In a Schlenk flask 108 mg (0.4 mmol) of KtCsHs)Ni( -C)}2], 572 mg (1.62 mmol)
triphenylantimony and 718 mg (0.81 mmol) of Na[B8CF:),CsHs)s]>* were combined.
10 mL of cold diethyl ether were added at -60 @] the dark red solution was stirred for 2 h
while slowly warming to room temperature. The salvevas removed under vacuum. The
residue was dissolved in 10 mL of dichloromethaar@] filtered over a pad of celite. The
solvent was removed in vacuum and the residuatl ssds washed twice with 10 mL of
pentane. The product is obtained as a brown powd8d % vyield (1.21 g). Yellow to red
crystals can be obtained from a diethyl ether smiuby addition of pentane.

'H NMR (CD,Cly, 25 °C, 400 MHz): 2.96 (d, 2 H, Ky, °J = 14 Hz), 4.57 (d, 2 H, &k
3)=7 Hz), 5.60 (tt, 1 H, Knya >J = 14 Hz,%J = 7 Hz), 7.17 (m, 12 H), 7.29 (m, 12 H), 7.44
(m, 6 H), 7.56 (s, 4 H, BA}, 7.73 (s, 8 H, BAD.

13C NMR (CD.Cl,, 25 °C, 151 MHz): 162.4 (q, BAY, *Jcg = 50Hz), 135.9 (Gon), 135.4
(BArH), 131.5 (Gron), 130.6 (Grom), 130.5 (Grom), 129.5 (g, BAF, 2Jcr = 32 Hz), 125.4 (q,
CFs, 1Jcr = 273 Hz), 118.1 (nJcr = 4 Hz ,BAF), 107.3 (Guy), 63.7 (Guy).

Analysis Calc. for @H47BF24NiSh,: C 51.09%, H 2.84 %. Found: C 51.18%, H 2.90%.
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Synthesis of [1%-C3Hs)Ni(SbPhg),]AI(OC(CF 3)3)4 (3)

In a Schlenk flask 67.6 mg (0.25 mmol) of if(CsHs)Ni( -ClI)}], 353.1 mg (1.00 mmol)
triphenylantimony and 487.0 mg (0.50 mmol) of Li{8IC(CR)s)s] were combined. Cold
diethyl ether (20 mL) was added at -60 °C, anddiuéx red solution was stirred for 4 h while
slowly warming to room temperature. The solvent weasoved under vacuum. The residue
was dissolved in 10 mL of dichloromethane, anerfdt over a pad of celite. The solvent was
reduced in vacuum to approximately 3 mL and layewdti 30 mL of pentane. The desired
complex slowly crystallized overnight at -30 °Ce tbupernatant solvent was removed and the
crystals were washed three times with pentane aed th vacuum. The product is obtained
as red to yellow crystals in 80% yield (709 mg).

'H NMR (CD,Cly, 25 °C, 400 MHz): 2.96 (d, 2 H, Ky, °J = 14 Hz), 4.47 (d, 2 H, &k
3= 7 Hz), 5.62 (tt, 1 H, Hnra 3 = 14 Hz,3) = 7 Hz), 7.17 (m, 12 H), 7.29 (m, 12 H ), 7.45
(m, 6 H).

F NMR (CD.Cl,, 25 °C, 188MHz): -76 (s, CE).

3¢ NMR (CD,Cl,, 25 °C, 151 MHz): 135.9 (Grom), 131.7 (Grom), 130.6 (Gron), 130.1
(Caron), 121.9 (g, AI(OCCF3))s, e = 293 Hz), 109.8 (Gy), 79.6 (b, Al(GC(CFs))s), 65.2

(Cay)-

X-ray Crystal Structure Determination of [(h>-C3Hs)Ni(SbPhs)]AI(OC(CF 3)3)4 (3)

The data collection was performed at 100 K on a ETRDS-II diffractometer equipped
with a graphite-monochromated radiation source=(0.710 73 A) and an image plate
detection system. A crystal mounted on a fine gfde with silicon grease was employed.
The selection, integration, and averaging procediirehe measured reflex intensities, the
determination of the unit cell dimensions by a tespiares fit of the Q values, data
reduction, LP correction, and space group determwimavere performed using the X-Area

software package delivered with the diffractometersemiempirical absorption correction
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was not performed. The structure was solved byctingethods (SHELXS-97), completed
with difference Fourier syntheses, and refined witl-matrix least-squares using
SHELXL-97 minimizingw(F.” - F)% WeightedR factor (vR) and the goodness of fare

based onF? the conventionaR factor ®) is based orf. All non-hydrogen atoms were
refined with anisotropic displacement parameterfi. s&attering factors and anomalous
dispersion factors are provided by the SHELXL-9@gpam. The hydrogen atom positions
were calculated geometrically and were allowedide on their parent carbon atoms with

fixed isotropic UY; = 0.02.

Polymerizations

Polymerizations were carried out in a 500 mL glpssssure reactor equipped with a
mechanical stirrer (500 rpm) and with a coolingthrgp jacket supplied by a thermostat
controlled by a thermocouple dipping into the patyimation mixture. Optionally, the two
phase system was homogenized by means of an wih@smnotrode mounted in the reactor
(operated at 120 W, 2 min).

For solution polymerization complek 2 or 3 was dissolved in the respective solvent or
solvent plus water, the solution was cannula temsfl into the reactor and butadiene was
added.

For suspension polymerization 20nol of the respective complex were dissolved in a
mixture of 0.5 mL of methylene chloride and 4 mLtaliene, and cannula transferred into the
reactor at 20 °C. A small fraction of butadiene veasled and the prepolymerization was
allowed to continue for 4 min under stirring with raagnetic stirring bar. Then water
(100 mL) was pumped in under stirring with the neetbal stirrer (500 rpm), and further
butadiene was added. The polymerization was alldevedntinue for an hour.

For emulsion polymerization SDS was dissolved intewaand complex2 or 3 were

separately dissolved/dispersed in the respectiganic solvent mixture. The surfactant and
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the catalyst solution/dispersion were cannula feared into the reactor at 20 °C. Butadiene
was added under stirring (500 rpm) and sonicatias wnmediately applied for 2 min. The
temperature was set to 25 °C.

All polymerization experiments were stopped by aslag the residual pressure, applying
vacuum several times, and exposing to air. Foryarsabf the bulk properties the polymer
solution or latex was poured into methanol contegnBHT as a stabilizer. The supernatant
solvents were decanted or filtered off, and the/per was washed with methanol and dried
over night at 50 °C under vacuum.

For TEM analysis one drop of the diluted dispersi@s deposited on a carbon-coated 400

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

Catalytic polymerization in agueous systems is fectve way for the synthesis of apolar
nanoparticles. Direct incorporation of functionabgps is difficult, however, due to the
sensitivity of the catalytically active metal sitdewards polar-substituted monomers.
Post-polymerization modification is an alternativeute for functional group-containing

nanoparticles.

4.1 Hydroformylation

Colloidally stable aqueous dispersions of 13-15 namoparticles of semicrystalline,
syndiotactic polybutadiene (97% 1,2 and 3% distas determined by IR spectroscthy
M,3.4 x 1d g mol*; M,/M, 2.1) were prepared by cobalt-catalyzed microeronlsi
polymerization of butadierfé. For hydroformylation in the nanoparticles, to a2-1,
polybutadiene dispersion of typically 2 wt.-% pokm solids content was added
[Rh(CO)(acac)] / PPH (P:Rh 4:1 molar ratio), and the dispersion wasosgd to H'CO

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

Scheme 4-1Hydroformylation of 1,2-Polybutadiene Dispersions

H,/ CO/[Rh] _

variable
temperature

circa 15 nm variable degree
of hydroformylation
x=0-100%

(only linear aldehyde isomer shown)
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Figure 4-1. IR spectra of 1,2-polybutadiene starting mategftmittom), and completely (top)

and ca. 50% converted (center) products.

Hydroformylation is evidenced by the observationtioé nco band at 1720 cthin IR
spectra of the isolated polymers (Figure 4-1). Téauction of the intensity of the band at
905 cm' (deformation characteristic of the vinyl grouppyides an estimate of the degree of
conversion of the double bonds. Partial hydrofoatigh occurred even at mild conditions of
only 40 °C and 20 bar (entry 1). Temperature praeeble a convenient parameter to control
the degree of hydroformylation. Varying the reacttemperature in the range from 40 °C to
60 °C afforded partially functionalized polymer tees with ca. 10% to 80% degree of
functionalization (entries 2 to 4). At elevated parature and pressure (80 °C and 60 bar)

essentially complete conversion of the double baudsirred.
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Table 4-1.Synthesis Parametémnd Properties of Nanoparticle Dispersions

entry temperature of pressure of degree of siz€ surface T, of
hydroformylation hydroformylation conversiof tensior bulk®
(nm)
(°C) (bar) (%) (MN/m) ()
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.

2 Reaction conditions: 10 g of 1,2-polybutadieneXa6 wt.-% polymer content), 20 g of wateEstimated by
IR spectroscopyef. experimental section for detailSVolume average particle size as determined by DLS.
YDetermined on dialyzed dispersions, concentratkdédi to a polymer solids content of 1.9 ¢ £ Determined
by DSC.

Also under these harsher reaction conditions, i@lostability was not affected and the
particles retained their identity, that is no aggéwation occurred, as evidenced by dynamic
light scattering (DLS;cf. Table 4-1 and supplementary material for dethils) order to
estimate the significance of hydrogenation as a s&hction, 1,2-polybutadiene dispersions
were exposed to hydrogen pressure only under dongditotherwise identical to the
aforementioned hydroformylation studies. At 40 1@ &0 bar Hthe degree of hydrogenation
was below the detection limit, i.e. less then 3% datermined byH NMR. At 80 °C and
60 bar of H (that is twice the p(k vs. the maximum K partial pressure in the
hydroformylation studies) after 20 h reaction timeegree of hydrogenation of ca. 50% was
observed. This illustrates that during particlediwonalization with CO/H, hydrogenation

occurs at the most as a minor side reaction.

() In the case of the fully modified polyaldehygarticles a P:Rh molar ratio of 8:1 was
required to hinder partial agglomeration to 40 rartiples. A possible explanation is that
under these conditions hydroformylation is slowaerd cross-linking occurs sufficiently

fast to hinder aggregation of the initially softfices.
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4.2 Polymer Properties

Differential scanning calorimetry (DSC) measurersemere performed on the isolated
polymers, obtained by precipitation from the disp@ns. The semicrystalline syndiotactic
1,2-polybutadiene starting material, prepared iora@mulsion, exhibits a,faround 154 °C.
Hydroformylation results in a reduction of crysitally, as expected. The 10% modified
polymer exhibits a weak melting peak around 103 Hyher conversions afford non-
crystalline material as confirmed by powder X-raffrdction (Figure 4-2). Nevertheless, all
isolated polyaldehydes were insoluble in organidvesas' For polyaldehydes, aldol
condensation can result in extensive cross-linkarg] such reactions are enhanced by the

high polymer concentration in particles.

40000 _
—— 1,2 polybutadiene
— hydroformylated polymer (complete conversion)
30000
2
‘w 20000
c
Q
=
10000
0 T T T T T T T T T T T 1
5 10 15 20 25 30 35

2Q
Figure 4-2. Powder X-ray diffraction of 1,2 polybutadiene (gntl) and completely

converted, hydroformylated polymer (entry 5, Tablg)

Transmission electron microscopy (TEM; Figure 48 aupplementary material Figure S3)

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

(i) Solvents studied: chloroform, 1,1,2,2-tetrachkthaned,, 1,2,4-trichlorobenzene, toluene,
THF, DMSO, methanol, acetone.
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particles confirm the small particle sizes deteedimy DLS. In both TEM (Figures S3) and
AFM (Figure S4), the 1,2-polybutadiene particlepear compact but not spherical, as
expected for very small crystalline polymer pagglin contrast, fully functionalized particles
appear smoother (Figures 4-3 and S5). However,rétain their particle character and do not
flow (or aggregate) despite their amorphous charaethich is in line with the particles being

cross-linked.

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

4.3 Fluorescence Studies

The interaction of pyrene with nanoparticles ofiafale degree of hydroformylation was
studied as a measure for their polarity. The nadaitntensity of two bands in the fluorescence
spectra, 411 is a proven measure for the polarity of the surding medium experienced by
this fluorophore?

Typical values of #l; ratios in pyrene solutions are 0.63 for water/¥d pentanol, and
1.65 for n-hexang® Emission spectra of pyrene were recorded over geraf particle
concentrations and pyrene to polymer ratios. Incaes studied, the/ly ratio increases
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gradually with the concentration of polymer (Figutel and 4-5). As indicated, pyrene is
slightly water-soluble and neat aqueous solutidss exhibit fluorescence. The overall signal
therefore can also contain contributions from tlyemus phase. The portion of pyrene
present in the nanoparticles increases with inorggsolymer nanoparticle number density. A
water-soluble quencher, diethylaminoethanol (DA&glectively quenches the contribution
from the agueous phase. In the presence of thischee, increased/I; ratio are observeds.
the absence of quencher. This confirms that thengymprobe is indeed taken up by the
nanoparticles, where it is not accessible; alsolitie ratios determined in the presence of
qguencher are a more direct measure of the polafitjhe nanoparticles. Note that théll
ratios found for the apolar 1,2-polybutadiene nambgles are significantly lower than those
observed for n-hexane as a hydrocarbon solveni|asito observations on semicrystalline
polyethylene nanoparticles; this is likely due @odtion of the probe at the periphery of these

crystalline particles, where it possibly sensesatipgeous environment to a certain extéht.

2004

normalized |
relativeincrease of I,

o

2 ()

overall decrease of |

polybutadiene
- R + 16,7 ul/mL DAE
) i ST S + 33,3 pL/mL DAE

4 / ST (R £ + 50,0 ul/mL DAE
i T . + 66,6 uL/mL DAE
,". iy + 83,3 ul/mL DAE

100 / /

. (nm)

Figure 4-4. Fluorescence spectra of pyrene (2.05 ¥ L) in polybutadiene dispersion
(entry 1, Table 4-1; 1.92 g/L polymer solids comfem the presence of increasing

concentrations of DAE as quencher (inlay: normaliae373 nm).
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As an essence of these fluorescence studies, inaa#ls, thesll; ratios observed with
polymer nanoparticles of variable degrees of hyamiraflation under otherwise identical
conditions demonstrate that indeed the pyrene problecules experience an increasingly

polar environment with increased content of carlbbgnyups.

—m— 1,2-polybutadiene (entry 1-1) —m—12-polybutadiene (entry 1-1)
1,3 -|—®— 10 % converted (entry 1-2) 1,3 -|—®— 10 % converted (entry 1-2)
50 % converted (entry 1-3) 50 % converted (entry 1-3)
124 —¥— 80 % converted (entry 1-4) 124 —w— 80 % converted (entry 1-4)
! 100 % converted (entry 1-5) ! 100 % converted (entry 1-5) 1
e
1,1 1,14 -
a
1,0 " 1,04 u P
P — — [~
- 094 el 094 4 o
o /’/ - l\
0,84 my 0,8 |
[/ -V
s/ R I I
0,74 [P c— 0,7 | w—V
1 b4
0.6+ T; 0,6 !
] o
o+ FT1—T—T—" 05 . . . . . . . . . . .
02 00 02 04 06 08 10 12 14 16 18 20 02 00 02 04 06 08 10 12 14 16 18 20
c(polymer) / gL c(polymer) / gL

Figure 4-5. I3/l; ratio of pyrene fluorescence versus polymer coinagan of dispersions

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

4.4 Summary and Conclusions

In summary, very small nanoparticles (< 20 nm) wditljustable carbonyl content are
accesible by hydroformylation of 1,2-polybutadignghe form of aqueous dispersions. This
represents a convenient route employing readilylabla starting materials (butadiene, CO
and H) to nanoparticles in this size range with a brpadljustable and controllable polarity.
The latter was demonstrated by fluorescence studliethe 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 @@9.997 vol.-%) and K (99.999
vol.-%) were purchased from Air liquide. Pyrene %99 sublimed; Aldrich) and
triphenylphosphine (Fluka) was used as receivetlen® was deoxygenated by destillation
under argon. Millipore grade water was used fooriscence measurements.

DSC was carried out on a Netzsch F1 instrumentheaging/cooling rate of 10 K mifnon
approximately 5 mg of polymer {TI'given are from the second heating cycles). Mokacul
weights were determined with gel permeation chrography (GPC) in
1,2,4-trichlorobenzene at 160 °C on a Polymer Latooies 220 instrument equipped with
Mixed Bed PL columns vs. universal calibration.

TEM was carried out on a Zeiss Libra 120 instrumepérated at 120 kV acceleration
voltage. Polymer dispersions of circa 0.02 wt.-%ncamtration were applied to a carbon-
coated grid and dried.

For AFM freshly cleaved mica was used without farthreatment, alternatively glass
substrates previously cleaned with a 7:3 mixtur@®ivt.-% HSO, and 30 wt.-% HO, were
employed. A drop of dispersion was placed on th&timg substrate, which was then
accelerated at a rate of 300 rpthte a final speed of 2000 rpm. The height of theiglas
was determined with a JPK NanoWizard atomic foreerescope in the intermittent contact
mode using a Silicon tip with a force constant @™ and resonant frequency of about 300
kHz. Height, amplitude and phase images were recbstmultaneously.

Dynamic light scattering was performed on a MalvBlanoZS ZEN 3600 particle sizer

(173° backscattering) on diluted dispersions. Tite@orrelation function was analyzed using
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the Malvern dispersion technology software 5.1 algm to obtain volume weighted particle
size distributions.

IR spectra of the isolated polymer were recordedao®erkin Elmer Spectrum 100
instrument with an ATR sampling accessory. For &bidion curve, dispersions of
1,2-polybutadiene and of completely converted, bfamylated polymer were mixed in
several weight ratios. The IR spectra were recordiegctly on the dispersions to hinder
separation of the two different particle types; evatvas accounted for by a background
correction. The peaks at 905 ¢rand 1720 cil were integrated and the ratio of the areas was

plotted against the weight ratio.

Hydroformylation procedure

Polybutadiene dispersions were prepared accordif@2g]. Hydroformylations were carried
out in a mechanically stirred 285 mL pressure maetjuipped with a heating/cooling block
controlled by a thermocouple dipping into the reacmixture. In a typical hydroformylation,
10 g of latex (6 wt.-% polymer, 9.6 wt.-% sodiunddoyl sulfate (SDS)) was diluted with 20
g of water and degassed by carefully applying vacand flushing with argon. 5.2 mg (0.020
mmol) of [Rh(CO)(acac)f* and 21 mg (0.080 mmol) of triphenylphosphine weissolved
in 1 mL of toluene under argon and added to thexlaThe mixture was transferred to an
autoclave under an argon atmosphere, pressurizbdlwli CO/H, and heated under stirring
to the respective temperature. After 20 h the reaatas stopped by cooling and releasing the
pressure.

The latices were dialyzed for 5 days against nesem(Spectra/P8rDialysis Membrane
with a MWCO 6-8,000), reconcentrated, filtered &8tdT was added as a radical inhibitor.
The long-term colloidal stability of the hydrofortated dispersions is lower in comparison to
the polybutadiene dispersion, which possibly deritem less compatibility of the apolar

hydrocarbon chain of the SDS with the polymer. &oalyses of the bulk polymer, an aliquot
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was precipitated with excess methanol, filteredsiveal with water and methanol and dried in

vacuo at 50 °C.

Fluorescence studies

For fluorescence measurements 5L50f a toluene stock solution of pyrene (480 mig) L
were added to 3 mL of the respective latex. Afteaperation of the toluene and dilution of
the samples (0.7 mL with 2.3 mL of water) fluoresme emission spectra were recorded with
a Perkin-Elmer LS 50 fluorimeter (bandwidth: 2.5,rsoanning speed 100 nm rfjrat room
temperature in cuvettes with a 1 cm path lengtle $amples were excited at 333 nm. As
expected, excimer emission was not observed duéhdolow concentration of pyrene
employed for the measurement [£23010% mol LY. Very dilute polymer dispersions were
employed to avoid saturation of the emission spedtattering by the polymer particles, as
well as destabilization of the nanoparticles. Thatersoluble quencher DAE optionally
added does not affect the colloidal stability ofe tmanoparticles. Even high DAE
concentration lead to no observable change in Da&s. DAE is an effective quencher for
pyrene in water, indeed no significant fluorescesimmal is observed in agueous pyrene
solution when DAE is present in the concentrati@edufor the determination of theg/l{

ratios.
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5 Dispersions of Polydiene Nanoparticles with Variald

Crystallinity

5.1 Copolymerization of Butadiene and Isoprene in Emuas

Copolymerization and Polymer Characterization
Microemulsion polymerization of butadiene with thenown [Co(GH13)(CsHg)]/CS,

catalyst system results in highly crystalline maes due to almost exclusive incorporation in
1,2 fashion. In miniemulsion polymerization additiof coordinating ligands leads to higher
amount of 1,4-cis stereoerrors resulting in a reducrystallinity®** This is of interest of
example in view of film-forming properties. Theggaaches, however, is not successful for
microemulsion polymerization, possibly, because lipand is not able to coordinate to the
metal center, as a microemulsion is a complex phdtse systerhAnother possibility to
obtain amorphous polymers is the copolymerizatiath substituted dienes. The results of the

copolymerization of butadiene with isoprene in m@nulsion are summarized in Table 5-1.

() DMF and DPF were studied due to there rath&éemint solubility in water and organic

solvents, however no influence on the microstriciuas observed.

44



Dispersions of Polydiene Nanoparticles with VaraGrystallinity

Table 5-1.Copolymerization of Butadiene and Isoprene in lkenulsiort

entry  soprene Xisoprene yield® particle sizé& M,° Mw/M,* T, T4
(mol-%) (mol -%)  (wt.-%) (nm) (g molt) °C) (°C)
1 0 n.a. > 08 13 85x10 25 154 n.o.
2 2 n.d. > 908 14 85xfo 21 145 -12
3 10 4 > 08 15 38xfo 21 136 -18
4 20 10 90 17 57xf0 25 105 -19
5 30 24 71 20 56xf0 2.0 n.o. -19
6 40 34 94 20 27xf0 25 n.o. -25
7 50 31 77 24 1.0xfo 21 n.o. -23

¥eaction conditions: 800mol cobalt-(11)-2-ethylhexanoate; 1785mol sodium borohydride in 7,5 mL EtOH;
200 g HO / 23,25 g SDS / 10 g pentanol; 80fol CS in 10,0 mL toluene; employed monomers: 0,28 - X mo
butadiene, x mol isoprene; 40°C reactions tempezatdh reaction time’confirmed ratio of isoprene
incorporation; determined by’C NMR spectroscopycf. Experimental Section for detail$isolated by
precipitation with methanol, referred to theordtmehievable yield®volume average pariticle size determined by
DLS. ®determined by GPC vs universal calibratiatetermined by DSC.

Scheme 5-1Possible Incorporation Modes for the Polymerigatiblsoprene

=
R )n\ (/E _<>ﬂ)a_\()\/)\

3,4-PIP

1,2-PIP

1,4-cis-PIP

n

1,4-trans-PIP

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

Copolymerisation of butadiene and isoprene withGo¢ll) catalyst yielded stable dispersion

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

activities were observed in the present of isoprageertheless, good yields were achieved.
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IR spectroscopic analysis proves the copolymengatif isoprene (Figure 5-1)n addition
to the characteristic vibration of the differentlyiutadiene repeating units, a new signal at
889 cm' emerges, which is a characteristic CH stretchibgation of the isopropenyl group
of 3,4-polyisoprené® A quantitative IR analysis like in the case of fpulybutadiene is not
possible due to overlapping signals and the lackudficiently high extinction coefficient of

any of the other isoprene incorporation motfes.

T AN U |

/vinyl
1,4-trans ||
1,4-cis

i J\ .Il\ \ \

WAV . - el N A NS ———
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— Xsoorens = 40 mol-% cm”
— = 20 mol-%

isoprens

Figure 5-1.IR spectra of polybutadiene-co-isoprene preparadicroemulsion.

In contrast to 1,2-polybutadiene, the copolymergsewsoluble in organic solvents like
toluene, THF or chloroform after isolation by ppatation. 1D and 2D NMR analysis was
conducted to analyze the stereochemistry. No indtion can be gained frofH NMR
spectra due to broad, unstructured signde.NMR spectra of 1,2-polybutadiene show, as
known for the employed catalyst, the resonancdabeblefinic side group at 143.2 ppm and

115.1 ppm as well as the ones of the main cha#ild ppm and 39.0 ppm beside minor

(i) The copolymer was dissolved and precipitatecess times to exclude a contribution of
entrapped instead of copolymerized isoprene.
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resonances of the 1¢is stereo error (for full spectra see supplementaayenal; aliphatic
region shown in Figure 5-25" In all *C NMR spectra of polybutadiene-co-isoprene the
signals® of the olefinic carbons of a 3,4-polyisoprene umite present accordingly.
Additionally, a resonance at 18 ppm was assigneitidamnethyl group of this incorporation
mode by means of DEPT and coupling experimentghatic region shown in Figure 5-2).
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Figure 5-2. Comparison of 100 MHZ’C NMR spectra of polybutadiene and polybutadiene-
co-isoprene a) polybutadiene-co-isopreneisod¥ne = 20 mol-%), CDG, 25°C

b) polybutadiene (containing BHT as a stabiliz€),Cl4, 130 °C.

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

signals of isoprene gives an estimation of the awmter composition considering only the
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1,2 incorporation for butadiene and 3,4 incorporafor isoprene (see supplementary material
for details). This value XpreneCorresponds to for the minimum of isoprene in ploé/mer,
the real value, however, is very likely higher. Qmmng Xsoprene 8Nd Xsoprene the molar
amount of isoprene in the reaction mixture, undsrthat isoprene is copolymerized in high
yields. However, the incorporation of isoprene @wvér in comparison to butadiene.
Attempted homopolymerization of isoprene in microésion under the typical reaction
conditions yielded no polymer.

However, the complexity of thé’C spectra of polybutadiene-co-isoprene can not be
accounted for considering only the 3,4 incorporatd butadiene and the resulting increase in
possible triades. Especially, additional methybresmces imply further incorporation modes
of isoprene. 1,4rans-polyisoprene units appear unlikely as butadiemetsnserted in &rans
fashion and the resonance of such a methyl grouddnuoe expected around 16 ppfmAn
increasing number of signals around 130 ppm imglespresence of 1gis-polyisoprene.
This could also account for the sharp methyl sig@al 24.01 ppm, as in pure
1,4-cis-polyisoprene this group resonates at 22.9 ppaiso the 1,2 incorporation of isoprene
can not be excluded, however, comparative NMR spectof pure 1,2-polyisoprene are

lacking.

Polymer Properties

The physical properties of a polymer are closehkdd with its microstructure. DSC
measurements reveal the influence of isoprene enthiermal transitions (Figure 5-3).
1,2-polybutadiene is semicrystalline with a meltipgint at 154 °C when polymerized in
microemulsion. The melting point is broadened attliced by the presence of isoprene. The
polymer obtained for ixprene= 20% exhibits a weak melting point around 50 6@édr than
pure 1,2-polybutadiene. Higher amounts of isoptead to completely amorphous materials.

Concurrently, glass transitions emerge in DSC withcopolymerization of isoprene.
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Figure 5-3. DSC curves of polybutadiene and polybutadienesopfienes prepared in

microemulsion.

The formation of a stable microemulsion of the nmaees is a prerequisite for the synthesis
of very small particles. Clear, transparent micraksmons formed up tOigprene= 20%. At the
higher isoprene content slight cloudiness was oleskerThe size of the polydiene particles
synthesized slightly increases with increasingiporof isoprene from 13 to 24 nm (for DLS
traces see supplementary material). However, pestiwith Xsoprene 20% are subject of

coagulation during dialysis.

Uptake of guest molecules

The ability of these particles to take up guestaooles was evaluated as described in the
previous chapter. The polarity of the particleswtianot be altered significantly due to the
incorporation of isoprene. However, a reduced atlysity could allow a guest molecule to

penetrate deeper into a given particle. Thus, Bephe an amorphous particle might sense the
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surrounding water to a smaller extent. Unfortunyatehly the particles with iggprene= 10%
can be used for the pyrene studies, as the onésawitigher isoprene content loose their

colloidal stability during dialysis.

v — PBO-co-PIP v — PBD-co-PIP
12 | . o =1 12 | . PBD
1,14 1,14 :
1.04 , o 104
. 0ay i . 0ay
=" paq 4 =" 08
074 ! 0,7
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[Polymer] (g1} [Pelymer] (all}

Figure 5-4. I3/l; ratio of pyrene fluorescence versus polymer coimagon of dispersions

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

Both polybutadiene and polybutadiene-co-isoprespaision exhibit the same fluorescence
properties in the presence of pyrene or pyreneqaleticher (Figure 5-4). Accordingly, either
reduction in crystallinity has no effect on thealw properties of the polymer patrticles or the

difference in crystallinity is too small to be seds

5.2 Copolymerisation of Butadiene and Phenylbutadieme i

Emulsion

Phenylbutadiene was synthesized by a nickel cadlysrignard coupling of chloroprene
and phenyl magnesium bromide based on a proceduréumada (Scheme 5-2.The

monomer was isolated as 50 wt.-% solution in xylen&7% vyield.
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Scheme 5-2Synthesis of 2-Phenyl-1,3-butadiene by Grignandiling

i [Ni(dppe)Cl_]
% Ni(dppe)C 2} %
@ * ol Et,0, xylene >J

Ph
0C =1t

Butadiene and phenylbutadiene were copolymerizea ipreliminary experiment with
[Co(CgH13)(C4Hg)]/CS; catalyst in microemulsion. The presence of 20%ladnylbutadiene
in the monomer mixture reduced the activity yietdBwt.-%, stable dispersion (40% overall
yield, particle size according to DLS 30 nm). TRedpectrum of the isolated polyrhésee
Supplementary Material) clearly shows two resonamtes97 and 762 ch characteristic for
monosubstituted aromatic compounds. The semichystgdolymer exhibits a melting point at
112 °C and a glass transition at -1 °C and is s$elutocomment organic solvents like toluene,
THF and chloroform®*C NMR analysis (Figure 5-5) reveals the presence of several new
carbon resonances in the aromatic region betweBra@ 130 ppm as well as resonances of
two quaternary carbon atoms at 139 and 153 pprm;hatlistinguish from phenylbutadiene.
The composition of the copolymer can be estimateshfH NMR spectra by integration of
the aromatic resonances (CRCI 7.1-7.4 ppm) and the resonances of the polymer
backbone ( 0.5-3.0 ppm). Accordingly, one fourth of the kbgpd comonomer is

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

' The copolymer was dissolved and precipitated séwénes to exclude a contribution of
entrapped instead of copolymerized phenylbutadiene.
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Figure 5-5. 100 MHz *C NMR spectrum of polybutadiene-co-phenylbutadi€mls,

25 °C.

5.3 Summary and Conclusions

Copolymerization of butadiene and isoprene in na@oralsion was shown to be an effective
protocol to obtain nanoparticles (< 25 nm) of padyes of adjustable crystallinity. The
[Co(CsH13)(C4He))/CS; catalyst slightly prefers butadiene over isopré@wadiene is inserted
almost exclusively in 1,2 fashion, and for isoprebes confirmed that it is inserted
analogously in a vinyl (3,4) fashion, and probahlyat least one other mode. The crystallinity
of the polymer patrticles can be adjusted from sgysialline with a high melting point of over
150 °C to amorphous with g of -25 °C.

Phenylbutadiene was synthesized via a nickel cadlyGrignard coupling of phenyl
magnesium bromide and chloroprene. A preliminagotgmerization with butadiene resulted
in a stable dispersion with 5 mol-% incorporatecmpfibutadiene. Phenylbutadiene can be
taken as a model substance for more complex conggodncopolymerization with e.g. dyes

could be of interest.
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5.4 Experimental Section

General Considerations

All synthesis and polymerization were conducted arndrgon using standard Schlenk
techniques. 1,3-butadiene (99,5% purity) from MesSgesheim was used without further
purification. Isoprene (Aldrich) was distilled urmdargon prior to use. Toluene was
deoxygenated over a copper catalyst and dried avvated molecular sieve. Ethanol and
pentanol were freed of oxygen via three freeze-tbgales. Demineralized water was distilled
under nitrogen. Cobalt(ll)-2-ethylhexonoat, 1,2sfdiphenylphosphino)ethane]dichloro
nickel(ll) and phenyl magnesium bromide solutionreveeceived from Aldrich, carbon
disulfide, sodium borohydride and magnesium fronr@deand chloroprene in xylene from
ABCR.

DSC, DLS, IR, GPC and fluorescence measurements s@rducted as described in the
previous chapter. NMR spectra were recorded onrai#ova 400, a Bruker Avance 400 or
a Bruker 3 600 instrument. Chemical shifts wereemedd to the residual solvent signal.

[Cr(acac)] was added as a relaxation agent'far NMR spectra.

Synthesis of 2-phenyl-1,3-butadiene

80 mL diethylether, chloroprene in 50% xylene (2Q, 08 mmol) and [Ni(dppe)&|
(227 mg; 430 mol) were placed under argon atmosphere in a 250flagk. 3 M phenyl
magnesium bromide solution (42 mL in diethyleth#25 mmol) in 20 mL additional
diethylether were added dropwise during 45 min & 0The orange reaction mixture was

stirred another 20 h at room temperature. The coatborganic phases after hydrolysis with 2
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M HCI and extraction with diethylether were waslheith saturated sodium bicarbonate and
water and dried over sodium sulphate. The prodast purified by vacuum transfer (10ar)

to a flask cooled to -196 °C. A clear solution gbteenyl-1,3-butadiene in xylene (50 wt.-%)
was obtained (24.4 g, 87% vyield).

'H NMR (400 MHz, CDC}, ): 7,35—7,27 (m; 5H; aromatic CH), 6,62 (dd; 174
11,0 Hz; 1H; H-3), 5,28 (s; 1H; H-1), 5,19 (d; 1£0 Hz; 1H; H-4¢), 5,18 (s; 1H; H-1), 5,17
(d; J=17,4 Hz; 1H; H+n.

3¢ NMR (100 MHz, CDd, ): 148.63, 138.53, 131.37, 129.47, 128.65, 127168.07,

117.28

Polymerization Procedure

Polymerizations were carried out following a moelifiprotocol based on [23]. A toluene
solution (circa 5 ml) of cobalt(ll) 2-ethylhexanedB00 mol) was introduced under argon to
a mechanically stirred 500 ml pressure glass reazjaipped with a heating/cooling jacket
controlled by a temperature sensor dipping into tbaction mixture. After evaporating
toluene in vacuo, the desired amount of butadi€@8(— x mol) were condensed at -5 °C.
Isoprene (x mol) was added under argon with theoda pump. An ethanol solution (7.5 ml)
of sodium borohydride (1.79 mmol) was added, affayda red solution of the precatalyst
[Co(CsH13)(CsHe)]. An aqueous solution of surfactant (23.25 g SD®4 pentanol and 200 g
H.O) was then transferred to the reactor by mearniseopump under stirring (1000 rpm) and
the temperature was raised to 20 °C, affordingaasparent butadiene/isoprene/precatalyst
microemulsion. A toluene solution of carbon disidfi(800 mol, [CS] / [Co] = 1) was
pumped into the reactor, causing a exothermic i@aend black staining. The temperature
was set to 40 °C. After the desired reaction titme teactor 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 browteXaAn aliquot was precipitated in
excess methanol for determining the yield. Aftdirdtion and washing several times with
methanol and water, the polymer was dried overtnigtvacuo at 50 °C. For fluorescence
studies the latices were dialyzed for 5 days agaireat water (Spectra/PorDialysis
Membrane with a MWCO 6-8,000), reconcentrated alidréd. 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 usedtroduce a wide range of functional
groups in the polymeric chain of soluble polybusdis. A detailed study of the modification
of aqueous polymer dispersions by thiol-ene reastigas conducted (Scheme 6-1).

As a starting material for thiol-ene post-polymatian modification the same aqueous
dispersion of nanoparticles of semicrystalline sgtattic 1,2-polybutadiene as for the
hydroformylation protocol was employed (97% 1,2d &6 1,4-cis as determined by IR
spectroscopy; 13-15 nm average volume size asndieted by DLS; M, 3.4 x 1¢ g mol™;

Mw/Mp: 2.1)%

Scheme 6-1Radical Mercaptan Addition on 1,2-Polybutadienedzarticles (surfactant

omitted for clarity).
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For the post-polymerization modification of polyneernanoparticles, solubility and

partitioning of the reactants between the aquemulapolar polyolefin phase are relevant.
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Both the radical initiator and the mercaptan mussalve sufficiently in the aqueous phase of
the polymer dispersion in order to access thegesti However, the mercaptyl radical formed
should also react to a sufficient extent with tipelar hydrophobic polyolefin. A range of
functionalized thiols with functional groups of iarle polarity were studied (Scheme 6-2).
Elevated temperatures can affect the colloidalildiabf the latex. The water-soluble radical
initiator VA-057 (2,2'-azobis[N-(2-carboxyethyl)+2ethylpropionamidine]hydrate) was
chosen due to its low ten hour half-life decomposittemperature of 57 °C in order to

perform the reaction at ambient temperature.

Scheme 6-2Mercaptans Employed

M3TP O 3TPA o GLT O
HO
HS/\)kO/ HS/\)J\OH Jg
Na4TPS o TPEG n HN .
mn © @ e)
HS/\/\ﬁ—ONa HS™ > Mo% \_2: OH
o)

O 1N

Blank experimentBlank experiments were carried out to evaluageitfiuence of radicals
on polybutadiene particles. As outlined, intramalacring closures are a known side reaction
of the radical mercaptan addition in dilute orgarsgclution. In polymer dispersions,
intermolecular reactions could be promoted by tigh ltoncentration of double bonds in a
given particle. Polymer samples (Table 6-1, ent@lew 4) isolated by precipitation with
methanol from dispersions treated with differentoants of VA-057 for 20 h at 50 °C are
insoluble in any solvent studied (1,1,2,2-tetraohddhane, 1,2,4-trichlorobenzene,
chloroform, dichloromethane, toluene, tetrahydraf&). This contrasts to the syndiotactic
1,2-polybutadiene starting material, which is st#dubn tetrachloroethane at elevated

temperatures. The alteration of the polymer on-feekcal treatment is also reflected in its
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thermal properties, as observed by differentialnsoay calorimetry (DSC). Syndiotactic
1,2-polybutadiene prepared in microemulsion is seystalline with a melting point of
154 °C. Treatment with 0.025 equiv of radical editir resulted in a reduction of the peak
melting point by ca. 30 °C (entry 2, Table 6-1)n#aterial exhibiting no observable thermal
transition indicative of crystallinitywas obtained when higher concentrations of radical
initiator (0.1 and 0.4 equiv, entries 3 and 4, €abtl) were employed. IR spectroscopic
analysis revealed no significant difference towatius starting materialc{. supplementary
material, Figure S1). This suggests that the abolbgervations result from intra- and
intermolecular crosslinking by conversion of a nriportion of the vinyl groups present. The
colloidal stability of the dispersions is neithdfeated upon addition of the radical initiator,
nor by the crosslinking as evidenced by DLS datalwkhows no significant increase in size.

3-Mercaptopropionic acid methyl esteM8TP). As a method for determination of the
degree of functionalization of the vinyl groupsrbgrcaptan addition, which is applicable also
to samples insoluble in organic solvents, elementalysis was employed. Degrees of
functionalization were determined from the obser&@ ratio,cf. supplementary material
(Equation S1).

Polybutadiene dispersions were treated with vagiarhounts oM3TP and VA-057 at
50 °C for 20 h (Table 6-1, entries 5 to 7). Thdaidhl stability of the latex was not affected
even upon reaction with 10 equiv (24.6 mL) MBTP (entry 7) as proven by DLS after
dialysis. All polymers modified wittM3TP and precipitated with methanol are soluble in
CDCls; no light scattering is observed indicating that polymers dissolve molecularly and
not in the form of particles in this solvent. Thisows for comprehensive NMR spectroscopic

analysis (Figure 6-1).

() Electron diffraction on films prepared from shilispersion yielded only unstructured halos,

arising from amorphous material.
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Table 6-1.Modification of 1,2-Polybutadiene NanoparticlesMgrcaptan Additior?

degree of e T/ Tg Of bulke
entry mercaptan  [C=G][VA-057]y: [HSR]’ functionalizatiofs ’
(%) (nm) 0

1 n.a. n.a. n.a. 13 154/n.o.
2 - 1:0.025:0 n.a 15 125/ n.o.
3 - 1:01:0 n.a 15 n.o./ n.o.
4 - 1:04:0 n.a 15 n.o./ n.o.
5 M3TP 1:0.0125:0.5 14 16 101/-33
6 M3TP 1:002:1 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 1:01:3 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 1:01:15 5 15 n.o./ n.o.
16  Na4TPS 1:0.1:3 9 16 n.o./ n.o.
17 GLT 1:0.0333:0.5 8 59 n.o./ n.o.
18 GLT 1:01:15 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)° 15 126/ n.0

 Reaction conditions: 2 wt-% polybutadiene dispmrsiaddition of mercaptan and VA-057, 50 °C, 2Gh,
days of dialysis; see Experimental Section for ittetd given as molar equivalents (equiv) i.e. doubledson
present in the starting polymer (= repeat unitsyadical initiator to mercaptari. Determined by elemental
analysis; see SM for details (Table S1).olume average size determined by DE®etermined by DSC from
second heating cycldDetermined on freeze-dried samples.

59



Functionalization of Polymer Nanoparticles by THiie Addition

2.76 ppm | |2.59 ppm

. 2.90 2.50 .

‘ ;
s J
‘ .
’ ;
A J
’ ;
. J
K .. 8 %
. J 4
: J
3 ;
J
‘
J
s
;

functionalization

"‘:_ (entry 7)
L : M

18 %
functionalization
JLM 3 WL ey

14 %
functionalization
(entry 5)

-OCHg3

olefinic protons

(d) ppm
Figure 6-1. 400 MHz *H NMR spectra of ester-modified polymer samplesngisvi3TP

(entries 5to 7, Table 6-1), CDLR5 °C.

A new singlet resonance at 3.6 ppm can be assignéet methyl group of the ester. NMR
spectra show that even at low mercaptan concemtgat significant portion of the double
bonds was functionalized. The resonances of tHfenmerotons between 4.7 and 5.7 ppm are
reduced in intensity compared to the starting netéentries 5 and 6, Table 6-1), or virtually
absent (entry 7). 2D NMR spectra of the polymenfrentry 7 provide further insights on the
relative abundance of five- and six-membered ringgjinating from free radical side

reactions (see supplementary material Figure Sil8dimplete NMR spectra). Triplets at 2.76
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and 2.59 ppm were assigned to methylene protons and -position to the sulfur atom,
-S CH, CH,COOMe by *H,'H-COSY and 'H,"*C-HMBC (multiple bond correlation to
carbonyl carbon nucleus; see supplementary matéigure S13) spectroscopy. A second set
of small signals at lower field is thought to arfsem incorporation of an analogous group
with different chemical environment, e.g., from cgan with a 1,4-polybutadiene unit
(present in ca. 3% in the starting material) orerlikely a neighboring cycle. An unstructured
broad signal at 2.5 ppm corresponds toH:-SR (P = polymeric backbone), as indicated by
phase-sensitivéH,*C-HSQC NMR spectra (see Figure S13). Phase-sen&itiv-*C-HSQC
spectra clearly show a non-split cross-peak atl8.@pm, assigned to a methyl group of a
five-membered ring. The relative amount of functilimation Xine, Cyclization Xy, and
unreacted repeating uni¥neactcan be estimated frottd NMR data by relative integration
of -SCH;R, =CH, and the aliphatic signal upfield of 2.2 ppm acaogdto [14]. For the
polymer from entry 7Xwunc ~ 82%, Xeye ~ 17% andXunreact ~ 1% were determined. Even
though six-membered rings can not be excludedeéns unlikely that they exist to a
significant extent. The strong signal of the methgydup of a five-membered ring can fully
account for the cyclized moieties (around 17%). ther polymers obtained by reaction with
0.5 and 1 eq. oM3TP (Table 6-1, entry 5 and &unc ~ 11%,Xcyc ~ 32% andXynreact~ 57%,
andXsunc ~ 15%,Xcyc ~ 25% anXunreact~ 60%, respectively were found. This NMR datanis i
good agreement with the degree of functionalizatiba4%, 18% and 84% for samples 5, 6
and 7 determined by elemental analysis (for detagde supplementary material, Table S1).
This data corresponds to a grafting of ®10" thiol moities per starting polymer particle.
This degree of functionalization is comparable tevipus studies in organic solutiGhfor
which elemental analysis revealed a S/C ratio 88®.which corresponds to a maximum

degree of functionalization of ~73%sing 40 equiv. of mercaptan. Concurrently, coneple

(i) Calculated via Equation Sif. SI.
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disappearance of double bonds was observed by NiR|s ~25% of ring closing reactions

occurred.
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Figure 6-2. IR spectra of 1,2-polybutadiene (bottom) and passnmodified with variable

amounts oM3TP (Table 6-1).

Conversion of the vinyl group, and functionalizatiof the polymer nanoparticles is also
evident from IR spectra of the isolated polymergfe 6-2). The band at 905 &mwhich
corresponds to a characteristic deformation banthefvinyl group, is reduced and finally
disappears. Also, the stretching bang€=C) at 1643 ci and (=CH,) at > 3000 cni
vanish. Concurrently, a strong band at 1732'ccharacteristic for a carbonyl stretching
vibration mode emerges.

As anticipated, the thermal properties are compyletéered upon functionalization with the
polar mercaptan. The melting point decreases atichatkly vanishes at high degrees of
functionalization. In contrast to both the startintaterial and the polymer from blank
experiments in the presence of radical initiatolypora glass transition is unambiguously

observed by DSC between -30 °C and -50 °C. Accgidirthe isolated bulk material is very
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sticky. By TEM (Figure 6-3) particles of around Béh in size are observed which is in

reasonable agreement with DLS data.

Figure 6-3. TEM image of completeliM3TP-functionalized dispersion (entry 7, Table 6-1).

The question arises to which extent SDS surfactamtoduced with the starting 1,2-
polybutadiene dispersion, is still responsible tloe stabilization of the product dispersion
after dialysis. Comparing the polymer solids conht@y precipitation) with overall solids
content (by freeze drying) of dialyzed dispersioont entry 7 revealed that 97% of the solid
present in the dispersion is polymer, which indidathat this dispersion is depleted of
surfactant. This result is also supported by eldaleamalysis. The freeze-dried sample has
almost the same elemental composition and onlyightbt higher sulfur contentct.
supplementary material, Table S1), indicating tlhlespnce of only traces of SDS after
dialysis. Dispersions with lower degrees of fungéilization appear to be costabilized by SDS
as the ratio of polymer solids content to overalids content is 80% and 87% for dispersion

5 and 6, respectively.

(i) Surface tensions of all these dispersion atesen 53 and 59 mN
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Mercaptopropionic acid ITPA). Addition of high amounts of mercaptopropionic daci
3TPA reagenhas an adverse impact on the colloidal stabilitthefpolybutadiene dispersion.
In most cases agglomeration occurred upon or ghaftitr addition ofSTPA. This could be
due to an increase in ionic strength (or also chawfgpH). More than three equivalents of
3TPA resulted in complete precipitation of the polymidowever, the radical addition of
3TPA still proceeds. Elemental analyses show that thgregs of functionalization are
slightly lower than in the case M3TP (compare e.g. entry 6 and entry 9). A high degfee o
conversion is also evidenced by IR spectroscopiasmmements, which reveal the absence of
double bonds for this sample and for sample 12¢(5M8TP; f = 85% according to S/C
value).

Both mercaptan and radical initiator concentratiofluence the yield in functionalized
double bonds. Comparing entry 9 (C=C : VA57 : HSRL = 0.025 : 1.5) with entry 10
(C=C:VA57 : HSR =1:0.05: 1.5), it can be mbthat doubling the initiator concentration
leads to a significant increase in functionalizatiomm 17 to 29% according to the S/C ratios.
At low initiator concentration the influence of theercaptan concentration is minor. For entry
8 (C=C : VA57 : HSR =1 : 0.05 : 0.75) the degrééuactionalization (26%) is only slightly
lower than for entry 10 (C=C : VA57 : HSR =1 : B.01.5; degree of functionalization 29%).

The solubility behavior of the highly acid modifiegolymers (entry 12, 85%
functionalization) clearly demonstrates the hydibphproperties of these polymers. The
material dissolves partially in methanol, diluteodiim hydroxide solution, or THF, and
completely in DMSO, but is insoluble in apolar sits like toluene or chloroform. By DLS,
no signal was observed for DMSO-solutions, indiwatithat the polymers dissolve

molecularly. Both'H and**C NMR analysis (in DMSQls; see SI, figure S3) confirm the
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absence of a significant number of double bonds #rel incorporation of the acid
functionality, carbonyl resonances are observed=at73.1 and 172.8 pph.

Functionalization with3TPA reduces the crystallinity of the polymers. The paody with
the highest degree of acid modification (85%) isogshous with a glass transition
temperature of 2 °C. The reduction of crystallingyalso reflected by the particle shapes, as
observed by TEM. At a degree of functionalizatidmaughly one sixth (17%), the dispersion
remains stable and particles are still non-sphie(icable 6-1, entry 9; see Figure 6-4, left).
This is consistent with a partial remaining crystély as underlined also by the clear melting
transition observed at 105 °C in DSC. At a higharversion (Table 6-1, entry 10, 29%) only
a weakly exothermic melt transition at 90 °C is eslbed and the particles, which
agglomerated to 40 nm in size, appear round an@tnio TEM measurements (Figure 6-4,

right).

(i) Complete NMR assignment is hampered by inclusib impurities due to precipitation
during the reaction. Minor amounts of SDS are detband a characteristic smell of free

mercaptan of the bulk polymer is observed.
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Figure 6-4. TEM images of partiall 8BTPA-modified dispersions (Table 6-1, entries 9 and

10).

3-Mercaptopropane sulfonic acid sodium saNadTPS. Particles stabilized by ionic
groups covalently attached to the particle surfasge obtained by modification with
Na4TPS This results in an efficient stabilization, tNe4TPSmodified dispersionsould
not be be precipitated well by neither additiorer€ess methanol nor brine. Freeze-drying of
the dialyzed dispersion yields a powdery produdbjctv clearly varies from the starting
material. The most significant difference is thepdirsability behavior. On addition of neat
water the polymers modified with the two highestrcaptan concentrations (entries 15 and
16, Table 6-1) readily redispers. By comparisondgB/butadiene particles of the starting
material form a non-dispersable polymer bulk onagewis removed. DLS of sample 16
indicates that the particle character is retained wartually no difference can be observed
between the dispersion before and after freezengrgrigure 6-5). This is an indication of
covalently bound stabilizing groups at the partisigface. ¢f. also supplementary material

Figure S15 for TEM)
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Figure 6-5. DLS of dialyzedNa4TPSmodified dispersion as prepared (Table 6-1, eb@&)y

and after freeze-drying and redispersion.

To prove that only covalently bound groups are oesfble for the stabilization and that no
SDS is present after dialysis, the freeze-dried ptasnwere dissolved in O for NMR
spectroscopic analysis. Due to their small sizeoparticles do not disturb the measurement
itself, and the solid material does not contribist@ny significant signal under usual solution
NMR conditions. For comparison, for a polybutadiehgpersioh containing absorbed SDS
on the particle surface, NMR measurements yieldeseiwvable SDS resonances. Despite
prolonged acquisition timdshardly any NMR signal was detected f§84TPS modified
sample (Table 6-1, entry 16) which confirms thetipalate nature of the sample and supports

the absence of free SDS.

(i) Polybutadiene dispersion from entry 1, Table diglyzed for at least 3 days,
concentrated/diluted to a polymer solid contentLéf g L, yielding a surface tension
above 60 mN

(i) For **C NMR > 12000 scans.
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Elemental analysis conducted on the freeze-driechpks accounts for 9% of
functionalization for entry 16 and 5% for entry l%spectively. In comparison to the
modification with M3TP and 3TPA the degree of functionalization is much lower with
Nad4TPS This behavior can be rationalized by the differsolubilities of the mercaptans. In
order to convert the majority of the double borttie, mercaptan must penetrate the particle,
which requires certain miscibility with the apolaolymer. Preliminary studies showed that
M3TP is miscible with both water and n-hexane, whichigates that the mercaptyl radical
should also be able to penetrate an apolar polgiaria particle. The miscibility with
n-hexane oBTPA is lower vs.M3TP leading to a slightly lower degree of functionatinn.

In contrast, with highly hydrophilic, hexane-insbletNa4TPSonly the double bonds on the
surface of the particle can react. Thus, it canabgumed that the grafting occurs on the
surface leaving the core unaffected. This is algiperted by IR spectroscopic measurements.
Sharp and unaltered signals corresponding to liyhpt@adiene remain.

Glutathione GLT). Mercaptan moieties are omnipresent in biologmalecules, mainly in
the form of cysteine. Glutathion&I(T), a tripeptide composed of glutamate, cysteind, an
glycine is present in most cells in high concemraand acts as an antioxidant and cysteine
reservoir. Due to their hydrophilic groups, surfacafted peptides could stabilize
nanoparticles. More important, the biological ugtal¥ nanoparticles could be dramatically
changed by, e.g., peptide-grafting. Glutathione graployed in radical mercaptan addition on
polybutadiene dispersions with double bond to nmera ratios between 0.5 and 10
(Table 6-1, entries 17-19). According to elemeatalysis (S/C ratios of 0.0458 and 0.0718),
incorporations between 8 and 15% are achievedecéisply. Similar to the observation with

Nad4TPSthe degree of functionalization remains low (15%grewhen 10 equiv dBELT are

(i) For samples of lower degrees of functionalizatielemental analysis was not determined

as the absence of SDS can not be assured witkisaffaccuracy by the method.
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employed (entry 19). Analogous tda4TPS the glutathione as a hydrophilic mercaptan
probably can only react with double bonds accessibthe surface.

The dispersions retain their colloidal stabilityden the reaction conditions. However,
agglomeration to particles of ~100 nm occurredmipremoval of SDS surfactant by dialysis
as observed by DLS and TEM (Figure 6-7 and Figuté)SApparently, the rather short
tripeptide, note that the cysteine is the centmaina acid, does not sufficiently stabilize the

nanoparticles.

Figure 6-7. TEM image ofGLT -functionalized particles (Table 6-1, entry 18).

Covalent incorporation of glutathione is also ewickd by IR spectroscopy (Figure 6-8). In

glutathione the SH stretching is observed at 25&%.cThis vibration is not present in the

(i) Comparison between polymer solids content ameral solids content of these dialyzed
dispersions reveal that for &L T -modified dispersions less than 20 % of the sakds
SDS.
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modified polymer. A broad peak around 3300%nwhich should correspond to the NH

moieties and several new vibration bands in thearayl region are observéd.

Wavenumber (cf)
Figure 6-8. IR spectra of 1,2-polybutadiene, glutathione arglutathione-modified polymer

(Table 6-1, entry 1 and 18).

MPEG thiol TPEG). Particles can not only be stabilized electrosgdiif but also sterically.
For this purpose thenPEG thiol, O-(2-mercaptoethyl®’-methyl-hexa(ethylene glycol),
TPEG, was used in the radical mercaptan addition. reparticles retain their original size
(~ 15 nm) according to DLS and TEM measurementbl€Té-1, entry 20, see supplementary
material Figure 19 for TEM). The resulting dispersiagain could not be destabilized for
isolation of the polymer. Elemental analysis of theeze-dried sample would correspond to
degree of functionalization of 7%. The freeze-dreainple does not dissolve in water,

however, for the most part in chloroform, leavingesidue of insoluble SDS. Accordingly,

() NMR characterization for analysis of the degadecyclization was not possible due to

insolubility.
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elemental analysis overestimates the degree oftifunadization in this case, as SDS
contributes to a higher S/C value.

A CDCl; solution was filtered and NMR spectroscopic analygas conducted (Figure 6-9;
see supplementary material f6€ and 2 D NMR spectraJjH NMR resonances at 3.36 ppm
(OCHg3) and 3.63 ppm (OB,CH,0) confirm the presence of the PEG moiety. Howelas,
difficult to offer sound evidence for covalent attanent. Overlapping signals in bdtd and
13C NMR spectra constrain complete analysis. PathefH NMR signal between 2.6 and
2.7 ppm could arise from the methylene protonsadyrper-CH-SR, however no long range
coupling to the region upfield of 2 ppm could beseilved.

The degrees of functionalization and cyclization ba estimated by relative integration of
the proton resonances of the double bonds (2429REG end-group (3.00) and the aliphatic
backbone (132.29). Around 50% cyclization and offly functionalization stands in sharp
contrast to the results with the aforementionedcap@ans. One can imagine that cyclization
is favored for a very hydrophilic mercaptan: A givaercaptyl radical adds to a double bond,
forming a polymeryl radical. This can not be questtheffectively by a new mercaptan
molecule, as this can not penetrate the partiateoAlingly, the polymeryl radical reacts with
its neighboring double bond and further on. Thaulsitity properties argue for intra- rather
than intermolecular ring closing reactions. Howevbe strong signal upfield of 1 ppm in
'H NMR (cross peak to &C signal at 14. ppm in HSQC) is astonishing. Evéii wany
consecutive ring closing reactions only as manyhgietnd groups as PEG end groups are
expected to form. However, almost six times morehgieend groups are detected. This

observation can not be rationalized so far.
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Figure 6-9.400 MHz'H NMR spectrum off PEG-modified polymer (Table 6-1, entry 20) in

CDCls, 25 °C.

Surprisingly, DSC measurements show a clear megtougt at 126 °C in the second heating
cycle, though the melting enthalpy is roughly heffthe one of original polybutadiene.
Apparently a crystalline core remains even witht thany radical side reactions. Further

experiments would be needed to clarify these opestipns.

6.2 Film properties.

Particle functionalization was also evidenced iradegently by water contact angles of films

prepared from the dispersions (Figure 6-10).

(i) The dialyzed dispersions were spincoated osgykubstrates, and the nascent films were
rinsed with water to remove SDS from the film sa€aA 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 preparedm f original
1,2-polybutadiene dispersion (left), radical irtiia (middle), and sulfonate-modified (right)

dispersions (Table 6-1, entry 1, 2, 14).

Films prepared from the apolar 1,2-polybutadierspelision (Table 6-1, entry 1) or from
the ‘blank’ samples (Table 6-1, entry 2) exhibiaege contact angle of almost 90° when SDS
is removed from the surface of the nascent filmgibging' Films prepared from the two
dispersions with the highest degree of sulfonatdifivation dissolve too readily in water for
these studies. A film prepared from a dispersionaoiower degree of functionalization
(Table 6-1, entry 14) is highly wetable as exenmgifoy a small contact angle of ~20°. For
this film prepared rinsing with water has no effenttheir wetability. This behavior confirms
the presence of covalently attached surface aatjeats.

Water droplets placed on films prepared of TREG-modified dispersion (Figure 6-11;
Table 6-1, entry 20) completely flow apart and ingswith water has no effect on their
wetability. Macroscopic properties, i.e. film propes, the tremendous colloidal stability and
the altered solubility properties of the freezeedrpolymer, suggest the covalent incorporation

of the PEG moiety even if chemical analysis canumaimbiguously prove it.

(i) Before rinsing with water, these films exhilat small contact angle below 40° due to
surfactant molecules accumulated at the film-aierfiace during film formationCf.
Tong, Q.; Mecking, SJ. Polym. Sci. A: Polym. Che2009 47, 6420-6432.
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Figure 6-11. Contact angle measurements of the films preparech fTPEG-modified

dispersions (Table 6-1, entry 20)

6.3 Summary and Conclusions

The protocol described here allows for the modiftwaof 1,2-polybutadiene nanoparticles
with polar groups via thiol-ene addition. Colloilyastable dispersions are obtained with the
appropriate combinations of reagents. The amountyofic units formed is negligible.
Consequently, the largest portion of the vinyl grewf the starting material is available for
substitution. Employing comparatively less polarrcaptanes (esters or acids) complete
conversion of the double bonds can be achieveditirgg in polar polymer nanopatrticles.
NMR studies provide detailed information of the ypoér composition. With highly polar
mercaptans, grafting of hydrophilic molecules te surface of hydrophobic particles occurs.
The resulting particles, stabilized by covalenthubd mercaptan-based polar moieties bound
to their surface, can be redispersed subsequ&ainiplete drying. The approach pursued was
also demonstrated for the tripeptide glutathioneeyddd the aspect of nanoparticle
modification, the approach demonstrated allows gost-polymerization modification of
syndiotactic 1,2-polybutadiene to otherwise inasit#s polymers. The crystallinity and low
solubility of the starting material in organic sehts prohibits reactions in organic solutions.
The findings reported underline that thiol-ene #dds are a potentially useful method for

polymer nanoparticle modification, also compativigh aqueous dispersions.
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6.4 Experimental Section

General methods and materials.

NMR spectra were recorded on a Bruker Avance 4@8tspmeter'H and**C NMR shifts
were referenced to residual proton and naturallynebnt™*C resonances of the deuterated
solvent. DSC was carried out on a Netzsch F1 imstni at a heating/cooling rate of
10 K min* on approximately 5 mg of polymer %I Tg given are from the second heating
cycles, unless otherwise noted). The molecular ktead 1,2-polybutadiene starting material
was determined by gel permeation chromatographyCjGi#1,2,4-trichlorobenzene at 160 °C
on a Polymer Laboratories 220 instrument equippigld Mixed Bed PL-columns vs universal
calibration (BHT was added as a stabilizer). TEMswearried out on a Zeiss Libra 120
instrument operated at 120 kV acceleration volt&pgmples were prepared from polymer
dispersions of circa 0.02 wt.-% by drop applicatiora carbon-coated grid and evaporation of
water. Dynamic light scattering (DLS) was performan a Malvern NanoZS ZEN 3600
particle size (173 ° backscattering) on dilutedpdrsions. The autocorrelation function was
analyzed using the Malvern dispersion technolodgiwswe 5.1 algorithm to obtain volume
weighted particle size distributions. IR spectratlod isolated polymer were recorded on a
Perkin Elmer Spectrum 100 with an ATR sampling asoey. Elemental analysis was
conducted on an Elemental Vario MICRO CUBE. Fotisteontact angle measurements a
drop of dispersion (300 pL) was applied to the salbs and photographed. Glass substrates
were cleaned with 7:3 mixtures of 96%30, and 30% HO, prior to sample preparation.

All mercaptans were purchased from Aldrich and usedeceived. VA-057 is a generous
gift of Wako Pure Chemical Industries, Ltd..1,2yimltadiene dispersions were prepared

according to [23].
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Radical mercaptan addition in dispersions.

1,2-polybutadiene dispersions of 2.0 wt.-% polyreelids content were deoxygenated by
carefully applying vacuum and flushing with argaveral times. The respective amount of
mercaptan and VA-057 initiator were added to 60ahthe polybutadiene dispersion. In the
case of glutathione, the scale was reduced toFdb.entry 19 (Table 6-1), the addition of
another 30 mL of water was necessary to diss@d . An over-pressure release was
installed and the dispersion was heated undemsfito 50 °C. After 20 h the dispersion was
transferred into a dialysis membrane (Spectr&/FDialysis Membrane with a MWCO
6-8,000) and dialyzed against neat water for 5 ;dagser was changed on regular basis. The
dispersion was reconcentrated to around 1 wt.-%npex solids content, and filtered through
a 20 um nylon tissue. BHT was added as a stabhilizer

For analyses of the bulk polymer and determinaiotme polymer solids content, an aliquot
was precipitated by addition to excess methandbrore, filtered, washed with water and
methanol and dried in vacuum. For determinatiothefoverall solids content, an aliquot was
freeze-dried with a Christ Alpha 2-4 Ldplus freeltger.

Key NMR data of completely M3TP-modified polybutade(Table 6-1, entry 7)*H NMR
(CDCls, 25 °C, 400 MHz): 3.67 (S, O€ls), 2.76 (tJuy = 7 Hz, SCH, CHy), 2.59 (£33 =
7 Hz, SCH, CH,), 2.50 (b, PEI,S), 2 — 0.6 (m, aliphatic protonsfC NMR (CDC}, 25 °C,
100 MHz): 172.6 CO), 52.0 (GCH3), 34.9 (SCH, CH,), 29.7 (FCH,S), 27.2 (SCH, CHy),

18.3 CHs).
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7 Conclusive Summary

Butadiene is a readily available monomer. Due ® different modes of incorporation,
1,4<is, 1,44rans and 1,2 (vinylic) in the polymer chain, polybuttks cover a wide range of
glass transition temperatures and crystallinitiesgd thus material properties. Also, the
presence of a double bond in every repeat unitersnoolybutadiene amenable to a variety of
post-polymerization reactions. These propertie&particular interest for polybutadienes in
the form of aqueous dispersions. However, estadidree-radical emulsion polymerization
provides dispersions of polybutadiene with a givenjariable microstructure. Catalytic
polymerizations are of interest to this end, ay ttan provide microstructure control. Careful
selection of the catalyst is important, however, veater can decompose metal-alkyl
complexes. Mini- or microemulsion polymerizatiorchiaiques are necessary to employ with
lipophilic catalysts in order to obtain polymer pissions. Catalytic insertion polymerization
in aqueous emulsion is limited mainly to apolarstdtes because conjugated functionalized
olefins substantially reduce the catalytic activityeven deactivate most cataly&#\nother
strategy for the synthesis of polar or functionaups containing nanoparticles with defined
microstructure is post-polymerization modificatiohpreexisting polymer particles.

This work presents a toolbox for the synthesis ofymer nanoparticles based on
polybutadiene by catalytic polymerization in aqueomedia and post-polymerization
reactions. An overview over accessible microstmgsof the colloidally stable nanopatrticles

is given in Scheme 7-1.
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Scheme 7-1.0verview of Polybutadiene Nanoparticles: Syntheaed Modifications by

Post-Polymerization Reactions.

Cationic Ni(ll) complexes of the type HI-CsHs)Ni(SbPh)JJ[X], X = BAr‘,
(Ar = 3,5-(RC),CsHs) or AI(OC(CR)s)4, were synthesized and studied in polymerizations i

disperse aqueous systems. A subtle balance ofothbilgy of the catalyst precursor during
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the different stages of the polymerization is reggiin order to obtain colloidally stable
polymer dispersions. For miniemulsion polymerizate predominant insolubility during the
dispersing step is believed to prevent decompasitdd the catalyst precursor and/or
polymerization-active species, subsequent gradomaptete dissolution by formation of the
polymerization-active Ni-polymeryl species is thbtugo occur. Thus polybutadienes with
number average molecular weights of typically 3xgOmol* are obtained. By contrast to
polymerization in the absence of water, or polyaaion in aqueous suspension, in the highly
disperse emulsion system incorporation of butadi@oeurs in a 1,4rans fashion
predominantly. This is likely due to coordinatiohwater as a ligand in the active species.
Colloidally stable dispersions of semicrystallir@yutadiene particles of around 200 nm are
obtained.

The catalyst system [CogB13)(C4He)]/CS, was known to give access to semicrystalline
1,2-polybutadiene nanoparticles when employed ireags microemulsion polymerizati6h.
Consecutive hydroformylation gives access to venals nanoparticles (< 20 nm) with
adjustable carbonyl content in the form of aquedispersions. This represents a convenient
route employing readily available starting materigdutadiene, CO and,Hto nanopatrticles
in this size range with a broadly adjustable andtrotlable polarity. The latter was
demonstrated by fluorescence studies of the envieoih experienced by pyrene as a probe
molecule.

Copolymerization of butadiene and isoprene in n@ioralsion with [Co(G@H13)(CsHe)]/CS;
was shown to be an effective protocol to obtainopanticles (< 25 nm) of polydienes of
adjustable crystallinity. The catalyst slightly fanes butadiene over isoprene. Butadiene is
inserted almost exclusively in 1,2 fashion, andorsoe inserts accordingly in a vinyl (3,4)
fashion, and probably in at least one other modie. drystallinity of the polymer particles can
be adjusted from semicrystalline with a high mejtpoint of over 150 °C to amorphous with
a Ty of -25 °C. A preliminary copolymerization of phdioytadiene with butadiene resulted in
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a stable dispersion with 5 mol-% incorporated coomoer. Phenylbutadiene can be taken as a
model substance for more complex compounds like.dye

A protocol was developed for the modification oR-polybutadiene nanoparticles with
polar groups via thiol-ene addition. Colloidallyakte dispersions are obtained with the
appropriate combinations of reagents. The largedign of the vinyl groups of the starting
material is available for substitution, as the amaf cyclic units formed is negligible despite
the high concentration of vinyl groups given intpes. Employing comparatively less polar
mercaptanes (esters or acids) complete converdidheodouble bonds can be achieved,
resulting in polar, functional group containing yookr nanoparticles. NMR studies provide
detailed information of the polymer composition.tkivhighly polar mercaptans in contrast,
grafting of hydrophilic molecules to the surfacengtirophobic particles occurs. The resulting
particles, stabilized by covalently bound mercagiased polar moieties (sulfate) bound to
their surface, can be redispersed subsequent tpletexdrying. The approach pursued was
also demonstrated for the tripeptide glutathioneeyddd the aspect of nanoparticle
modification, the approach demonstrated allows gost-polymerization modification of
syndiotactic 1,2-polybutadiene to otherwise inasit#s polymers. The crystallinity and low
solubility of the starting material in organic sehts prohibits reactions in organic solutions.
The findings reported underline that thiol-ene #dds are a potentially useful method for

polymer nanoparticle modification, also compativigh aqueous dispersions.
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Zusammenfassung

8 Zusammenfassung

Butadiene ist einfach zugangliches Monomer und Ragdiene decken auf Grund der
verschiedenen Einbaumoglichkeiten von ButadienePalymerriickgrat, 1,4is, 1,44rans
und 1,2 (vinylisch), eine grof3en Bereich an Glasjgmegstemperaturen und Kristallinitaten
ab, so dass unterschiedliche Materialeigenschadidralten werden kdnnen. Durch die
Doppelbindung, die in jeder Wiederholeinheit vortham ist, eignen sich Polybutadiene auch
fur eine Vielzahl von polymer-analoge Reaktionemede Eigenschaften sind besonders fur
Polymerdispersionen interessant. Durch die etdbliexdikalische Emulsionspolymerisation
ist jedoch nur eine, nicht veranderbare Mikrostnukton Polybutadien zuganglich. Deshalb
ist die katalytische Polymerisation von Interesde, sich durch sie die Mikrostuktur
kontrollieren lasst. Allerdings ist eine sorgfaftid\uswahl des Katalysators unerlasslich, da
Wasser Metallalkyl-Komplexe zersetzen kann. Um PRelydispersionen mit lipophilen
Katalysatoren zu erhalten, ist der Einsatz von Minioder Mikro-
emulsionspolymerisationstechniken notwendig. Ditalgiische Insertionspolymerisation ist
vielfach auf apolare Monomere beschréankt, da Momemelie funktionelle Gruppen
enthalten, speziell in wassrigen Dispersionen kdtalytische Aktivitat deutlich senken oder
die meisten Katalysatoren sogar desaktivieren. Endere Strategie zur Synthese von
Polymernanopartikeln von definierter Mikrostruktunit funktionellen Gruppen ist die
Umsetzung getrennt erzeugter Polymernanopartikebiymer-analogen Reaktionen.

In dieser Arbeit wird ein Baukasten fir die Synthesn Polymernanopartikeln vorgestellt,
der auf durch katalytische Polymerisation in wégesti Systemen hergestelltem Polybutadien
und anschlieBenden polymer-analogen Reaktionerhberu Schema 8-1 ist ein Uberblick

Uber die Mikrostrukturen der kolloidal stabilen Ngartikel dargestelit.
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Zusammenfassung

Schema 8-1. Uberblick tber Polybutadien-Nanopartikel: Syntmesend Modifikationen

mittels polymer-analogen Reaktionen.

Kationische Ni(ll)-Komplexe des Typs H{-CsHs)Ni(SbPh)JJ[X], X = BAr‘,
(Arf = 3,5-(RC),CsHs) oder Al(OC(CR)s)s, wurden synthetisiert und ihre Polymerisations-

eigenschaften in wassrigen Systemen untersuche Eme Balance der Lo6slichkeit des

82



Zusammenfassung

Préakatalysators wahrend der verschiedenen StuferPdiymerisation ist notwendig, um
kolloidal stabile Polymerdispersionen zur erhaltender Miniemulsionspolymerisation wird
davon ausgegangen, dass eine weitgehende Unldstiohihrend des Dispergiervorgangs
den Prakatalysators, beziehungsweise die polyntiiensaktiven Spezies, vor der Zersetzung
bewahrt und dass die anschliel3ende nach und niaégesmde Auflosung die polymerisations-
aktive Ni-polymeryl Spezies bildet. So werden Palgdiene mit einem zahlengemittelten
Molekulargewicht von typischerweise 3%10g mol* erhalten. Im Gegensatz zu
Polymerisationen unter Ausschluss von Wasser odelynferisationen in wassriger
Suspension erfolgt in den hochdispersen Emulsietesyen der Einbau von Butadien
hauptséachlich zu 1,#ans Einheiten. Daflr ist vermutlich die Koordinatioorv Wasser an
die polymerisationsaktive Spezies verantwortlick. viierden kolloidal stabile Dispersionen
mit circa 200 nm grofRen Partikeln von teilkristadim Polybutadien erhalten.

Vom Katalysatorsystem [CogH13)(C4He)]/CS, war bekannt, dass es in wassriger Mikro-
emulsionspolymerisation die Synthese von teilkilisien 1,2-Polybutadiennanopartikeln
ermdglicht”® Durch anschlieBende Hydroformylierung erhalt mehr kleine Nanopartikel
(<20 nm) mit einem einstellbaren Carbonylgehadt \@fissrige Dispersion. Dies stellt eine
praktische Vorschrift zur Herstellung von Nanopeatin mit einer Uber weite Bereiche
einstellbaren und kontrollierbaren Polaritat dar,der man ausschlie3lich gut verfligbare
Edukte (Butadien, CO und ,H einsetzt. Diese unterschiedliche Polaritat wuride
Fluoreszenzuntersuchungen mit Pyren als Sonde eagtgen.

Die Copolymerisation von Butadien und Isopren in kidemulsion mit dem
Katalysatorsystem [CogEl13)(CsHe)]/CS, erweist sich als effektive Mdglichkeit Polydien-
nanopartikel mit einstellbarer Kristallinitdt zuheiten. Dabei bevorzugt der Katalysator
Butadien leicht gegentber Isopren. Butadien wirdt fausschlie3lich in Form von 1,2
Einheiten eingebaut, Isopren wird analog vinylig8y¥) eingebaut und vermutlich noch
mindestens auf eine weitere Weise. Die KristaBinkann zwischen teilkristallin mit einen
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Schmelzpunkt von tber 150 °C bis zu amorph mitreifg von -25 °C eingestellt werden.
Vorversuche zur Copolymerisation von Butadien ntiefylbutadien ergaben eine kolloidal
stabile Dispersion mit einem Gehalt von 5% eingéauComonomer. Phenylbutadien kann
als Modellsubstanz fir komplexere Verbindungen kaebstoffe betrachtet werden.

Eine Vorschrift fur die Modifikation von 1,2-Polytadiennanopartikeln mit polaren
Gruppen mittels Thiol-En Addition wird vorgestelBei geeigneter Kombination an Edukten
werden kolloidal stabile Dispersionen erhalten. Deifdste Teil der Vinylgruppen im Edukt
steht fur die Substitution zur Verfigung, da diédBng von zyklischen Einheiten trotz der
hohen Konzentration der funktionellen Gruppen inrtiRgln zu vernachlassigen ist.
Verwendet man vergleichsweise weniger polare Méeregpwie Ester oder Sauren wird eine
vollstandige Umsetzung der Doppelbindungen erremiitdass polare, funktionelle Gruppen
enthaltende Nanopartikel erhalten werden. NMR-sp&kpische Untersuchungen geben
einen detaillierten Einblick in die Zusammensetzues Polymers. Werden hingegen sehr
polare Mercaptane verwendet, erfolgt eine Pfropfuleg hydrophilen Molekile auf die
Oberflache der hydrophoben Partikel. Diese so tmhah Partikel, welche durch auf ihrer
Oberflache kovalent gebundene, auf Mercaptanenetgagien, polaren Gruppen (Sulfat)
stabilisiert sind, lassen sich nach vollstandigemocknen wieder redispergieren. Die
Vorschrift lasst sich auch auf das Tripeptid Gloia ausweiten. Der Ansatz erméglicht nicht
nur die Modifikation von Nanopartikeln, sondern nhim kdnnen durch polymer-analoge
Reaktionen an 1,2-Polybutadien auch Polymere, weloltht anders zuganglich sind,
hergestellt werden. Die Kristallinitat und niedrigéslichkeit des Edukts, welche eine
Umsetzung in organischer Losung verhindern, sindDispersion nicht kritisch. Die
Ergebnisse unterstreichen, dass die Thiol-En Aalditeine moglicherweise niitzliche
Mdoglichkeit ist, um Polymernanopartikel zu modiéeen, welche sich auch in wassrigen

Dispersionen durchfuhren lasst.
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9 Supplementary Material
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Figure S1.IR-spectra of selected polybutadienes. Numbersmgrefer to entries in Tables in

Chapter 3.
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25
——1,2 polybutadiene (entry 1)
10% converted (entry 2)
50% converted (entry 3)
80% converted (entry 4)
100% converted (entry 5)

% volume

1 10 100 1000

diameter (nm)

Figure S2. DLS traces of polybutadiene dispersion and dispess modified by

hydroformylation (Table 4-1).

Figure S3.TEM images of 1,2-polybutadiene nanopatrticles [@dbl, entry 1).
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Figure S4.AFM images of 1,2 polybutadiene nanoparticles (€abll, entry 1). Note, that in

the detailed image also aggregates of a few pastete observed.

Figure S5.AFM images of completely converted, hydroformylatexhoparticles (Table 4-1,

entry 5).
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Figure S6. Fluorescence spectra of pyrene (2.05 ¥ #fL) in polybutadiene dispersion
(Table 4-1, entry 1; 1.92 g/L polymer solids comfem the presence of increasing

concentrations of DAE as quencher (inlay: normaliae373 nm).
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Figure S7. Fluorescence spectra of pyrene in polymer dispersiith increasing polymer
content in the absence (a, c, e, g, i) and pres@gnak f, h, k) of quencher, normalized at 373

nm.

a) 1,2-polybutadiene (Table 4-1, entry 1) + pyr&he5 x 10* g/L)

—— (0.0196 g/L)
—— (0.059 g/L)
1.0 1 (0.156 g/L)
—— (0.460 g/L)
(1.916 g/L)
0.8 -
0.6 1
0.4 1
0.2 1
0.0 : i ;
400 500
I (hm)

b) 1,2-polybutadiene (Table 4-1, entry 1) + pyréh€5 x 10*g/L) + 250 | DEA

—— (0.0196 g/L)
—— (0.059 g/L)
(0.156 g/L)
—— (0.460 g/L)
1.2+ (1916 glL)
1.0+
0.8
T 064
0.4
0.2 4
0.0 1 | i :
400 500

I (hm)
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c) partially hydroformylated (ca. 10%) polymer (Te#-1, entry 2) + pyrene (2.05 x"16/L)

—— (0.0031 g/L)
- (0.021 glL)
(0.156 g/L)
—— (0.46 g/L)
(1.916 glL)

400 500
I (hm)

d) partially hydroformylated (ca. 10%) polymer (Tal-1, entry 2) + pyrene (2.05 x1g/L)
+ 250 | DEA

—— (0.0031 g/L)

—— (0.021 glL)
(0.156 g/L)

—— (0.46 g/L)
(1.916 glL)

124

I (nm)
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e) partially hydroformylated (ca. 50%) polymer (T&8-1, entry 3) + pyrene (2.05 x"16/L)

—— (0.0031 g/L)
—— (0.021 glL)
1.04 (0.156 g/L)
—— (046 glL)
1.916 g/l

400 500
I (hm)

f) partially hydroformylated (ca. 50%) polymer (Talt-1, entry 3) + pyrene (2.05 x 16/L)
+ 250 | DEA

—— (0.0031 g/L)

- (0.021 glL)
(0.156 g/L)

N —— (046 g/L)

(1.916 glL)

400 500
I (hm)
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g) partially hydroformylated (ca. 80%) polymer (T@B-1, entry 4) + pyrene (2.05 x 1g/L)

—— (0.0031 g/L)
—— (0.021 g/L)
(0.156 g/L)
—— (0.46 g/L)
1.04 [ (1916 glL)
0.8
0.6 4
0.4+
0.2 —J/
ao—:"/// , : ,
400 500
I (hm)

h) partially hydroformylated (ca. 80%) polymer (Tal-1, entry 4) + pyrene (2.05 x1g/L)
+ 250 | DEA

—— (0.0031 g/L)
—— (0.021 g/L)
(0.156 g/L)
I —— (0.46 g/L)
1.0+ f (1.916 g/L)
0.8 1
0.6 1
0.4 1
0.2
0.0 | . ;
400 500
I (hm)
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i) fully converted polymer (Table 4-1, entry 5) yrene (2.05 x 10g/L)

—— HF (0.0031 g/L)
—— HF (0.021 g/L)
HF (0.156 g/L)
—— HF (0.46 g/L)
1.0+ [ HF (1.916 g/L)
0.8
0.6 g/
0.4
0.2
0.0 _J T T 1
400 500

I (hm)

k) fully converted polymer (Table 4-1, entry 5) yrene (2.05 x 10g/L) + 250 | DEA

—— (0.0031 glL)
—— (0.021 glL)
(0.156 g/L)
—— (046 g/L)
1.0 1 (1.916 g/L)

I (nm)
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Figure S8.1°C NMR spectrum of polybutadiene-co-isoprengofne= 20 mol-%, Table 5-1,

entry 4) prepared in microemulsion, in CRCI

Figure S9. Estimation of the minimum degree of incorporatmfnisoprene: Comparison of
the C NMR spectra (CDG) of polybutadiene-co-isoprene with akodrene = 50 mol-%
(Table 5-1, entry 7), b)igprene= 30 mol-% (Table 5-1, entry 5) and Go¥ene= 2 mMol-%

(Table 5-1, entry 2).
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Figure S10. DLS traces of polybutadiene and polybutadienescpiene prepared in

microemulsion (Table 5-1, entries 1 to 7).

Figure S11.IR spectra of polybutadiene and polybutadieneoerglbutadiene prepared in

microemulsion (see chapter 5-2).
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Equation S1. Calculation of the degree of functionalizationnfrd&s/C ratios determined by

elemental analyses of isolated polymer samplescfsagter 6).

degree of conversion =

degree of conversion =

X = number of carbon atoms in starting materiategpnit = 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, edtrgreen) and polymers treated

with radical initiator (Table 6-1; entry 2: red;tgn3: blue; entry 4: black).
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=

f1 (ppm)

Figure S13. 400 MHZ *H,*H-DQF-COSY (a),'H,**C-gHMBC (b) and'H,**C-HSQC (c)

spectra of completelyI3TP-modified polymer (Table 6-1, entry 7); CDCR5 °C.
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Table S1.Elemental Analysis of Mercaptan-modified Polymantples ¢.f. Table 6-1).

entry mercaptan isolation (S/Clarc. 100% (S/Choung degree of

(N/C) cac. 100% (N/Ckoung degree of

functional- functional-
method ization 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 Nad4TPS freeze-drying 0.7628 n.d. n.d. n.a. n.a. n.a.
14 Nad4TPS freeze-drying 0.7628 n.d. n.d. n.a. n.a. n.a.
15 NadTPS freeze-drying 0.7628 0.0593 5 n.a. n.a. n.a.
16 Nad4TPS 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*3C (top) and 400 MHZH NMR (bottom) spectra d3TPA-modified

polymer (Table 6-1, entry 12); DMSG@y; 25 °C.
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Figure S15.TEM image ofNa4TPSmodified polybutadiene particles (Table 6-1, erii@y.

Figure S16.DLS traces of5LT -modified dispersions after dialysis (Table 6-1liriexs 17, 18,

19).
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Figure S17.400 MHZ'H,*C-HSQC spectrum of PEG modified polybutadiene in CDgI

(Table 6-1, entry 20).
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Figure S18.400 MHZ'H'H,**C-gHMBC spectra oT PEG modified polybutadiene in CD€I

(Table 6-1, entry 20).

Figure S19 TEM image ofTPEG modified polybutadiene particles (Table 6-1, e2iy
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