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CHAPTER 1: 

 

RARE EARTH METAL-MEDIATED GROUP TRANSFER 

POLYMERIZATION AS A VERSATILE TOOL FOR THE 

PRODUCTION OF FUNCTIONAL MATERIALS 

 

 

 

 

 

 

“Chemistry is moving to both make the molecules but also to make them by design to have a 
function. What people are really interested in is the function. Making a molecule – that’s 

terrific. But what you really want is a molecule that does something.” 
 

- George Whitesides, 2012  
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Within the last decades, synthetic polymer-based materials have gained an indisputable 

dominance for an enormous range of applications and, nowadays, their use is by no means 

limited to packaging materials. On the contrary, synthetic polymers are fundamental basis for 

the comfort and the requests of our modern consumer-based society, satisfying essential needs 

such as mobility, the quality of living, health care and electronic devices. Moreover, they are 

an indispensable factor in securing our future energy supply by the development of efficient 

concepts for energy production from renewable sources, for the storage of this produced 

energy and its conversion. Accordingly, without polymeric materials, our modern society is 

hard to imagine. 

The increasing importance of synthetic polymer-based materials is hereby not only owed to 

their enormous versatility and their nearly limitless possibilities for the production of new 

materials, but also to a variety of other advantages in comparison to classic raw materials such 

as wood, glass, ceramics, or metals. Synthetic polymers commonly exhibit a lower density, 

resistance to corrosion and chemicals can be tailored, and their production is possible in high 

automation and number at comparatively lower temperatures and energy consumption. These 

advantages and their versatility lead to an enormous increase per annum of polymer 

production and since the end of the 1980s the production of polymeric materials exceeds, by 

volume, crude steel production.[1,2] Civilization quantum leaps are commonly accompanied by 

the use of new materials, accordingly, using the classic definition to divide history by the 

predominantly used raw material, we have therefore entered the age of polymers. 

Since the first industrial production of synthetic polymers more than 100 years ago, a vast 

knowledge of polymer-based materials and polymerizable substances has been developed. 

Yet, opposed to predictions in the 1980s, nowadays, still more than 60% of the world polymer 

sales volume is ascribed to a few so-called commodity materials based on a small number of 

common monomers as an inexpensive feedstock.[3] Accordingly, almost 50% of the European 

polymer production 2011 are allotted to poly(ethylene) (PE) and poly(propylene) (PP) 

(Figure 1.1).[1] A further quarter of the production is covered by the commodity materials 

poly(vinyl chloride) (PVC), poly(ethylene terephtalate) (PET) and poly(styrene) (PS).[1] 

These materials still prevail not only according to the readily available monomers and their 

low production costs, but also as a result of the continuous improvement of their properties by 

the development of suitable catalysts and additives. 
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Figure 1.1: Polymer production of EU-27, Norway and Switzerland 2011 (total: 47 Mt).
[1]

  

 

Particularly, the tremendous development of PE and PP is a consequence of Ziegler’s 

discovery in 1953 that TiCl3 in combination with aluminium alkyls can polymerize 

ethylene.[4] Only one year later, 1954, using the same type of catalyst, Natta succeeded in the 

first formation of high-molecular weight PP.[5] Until then, polymerization of α-olefins such as 

propylene was not possible due to the formation of stable allylic radicals in radical 

polymerization processes. Furthermore, by coordination of the transition metal 

polymerization catalyst at the active chain end, for the first time, precise control of the 

polymer tacticity could be tailored.  

Today, a variety of coordination polymerization types has been described, being amongst the 

most important methods for polymer synthesis. A vast number of catalysts have been 

presented and alteration of metal center and ligand sphere allows precise adjustment of 

structure, tacticity, molar mass and dispersity of the obtained polymer product. As the 

properties of polymer-based materials generally depend strongly on these parameters, the use 

of polymerization catalysis enables precise control of the material properties. As a 

consequence, the discovery of coordination polymerizations largely contributed to a better 

understanding of the basic structure-property relationship of polymeric materials. For their 

groundbreaking invention with the following tremendous development of the so-called 

migratory-insertion polymerization, and the enormous impact it had shown on chemical 

industry and material science, Ziegler and Natta were awarded with the Nobel Prize in 

Chemistry in 1963. Nowadays, except for low density poly(ethylene) (LD-PE), PE and PP are 

exclusively produced by catalytic coordination polymerization.  
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Especially in regard to the current economic situation under the pressure of the American 

economic stagnation and the Euro crisis, chemical industry is actively searching for new 

growth fields, requiring further development of polymer-based materials. Although some of 

the requirements may be met by cost-efficient modification of established materials, not for 

all applications a simple optimization of conventional polymers will be sufficient. 

Accordingly, even though the majority of produced polymeric materials is based on only a 

few commodity polymers, this need for new materials with designed properties has driven 

polymer research in recent years. The necessity of such specialty polymers ranges from high-

performance materials for aerospace applications and medical chemistry to new energy 

technologies (e.g. proton conducting membranes in fuel cells or bulk heterojunction solar 

cells).[6-14]  

Of these designed materials, polymers comprising heteroatoms have attracted great interest 

during the last decades and are increasingly becoming a focus of research activities. The 

number of available functionalities tailored by the introduction of heteroatoms is vast and, in 

combination with macromolecular organization and self-assembly principles, a wide range of 

new functional materials is accessible. In order to precisely adjust the properties of these 

functional materials, a straight-forward approach via coordination polymerization of 

functional monomers seems most promising, as it allows for an exact control of the polymer 

microstructure and ensures, in contrast to post-polymerization modifications, a high density of 

functionalization. For this purpose, suitable polymerization methods need to be tolerant to the 

usually polar nature of the respective monomers. 

Coordinative-anionic addition polymerization, also referred to as transition metal-mediated 

group transfer polymerization, represents a well-established route for the coordination 

polymerization of polar-modified olefins, i.e. (meth)acrylic monomers. It has been first 

described in 1992 in two independent JACS communications by Yasuda et al.[15] using neutral 

lanthanidocenes (e.g. [Cp*2SmH]2) and by Collins and Ward[16] using a two-component 

catalyst group 4 metallocene system. The reaction proceeds in both cases via repeated 

conjugate addition involving either one or two coordinating metal complexes 

(Scheme 1.1).[15-20] The works of Collins, Ward, and Yasuda et al. indicate the start of a 

paradigm shift in early transition metal polymerization catalysis of polar, heteroatom-

functionalized vinyl monomers. Instead of protection of the functional group and introduction 

of high steric constraints at the active site – to ensure monomer–metal coordination via the 

double bond following a migratory-insertion polymerization mechanism – the metal center 

remains easily accessible and the coordination occurs via the heteroatom.[20] 
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Scheme 1.1: Proposed monometallic (a) and bimetallic (b) propagation mechanism for coordinative-

anionic polymerization of Michael acceptor-type monomers; E = C(OR), C(NR2), P(OR)2. 

 

Rare earth metal-based catalysts are of particular interest, as they facilitate the polymerization 

of a broad variety of monomers following different polymerization mechanisms, i.e. 

(meth)acrylate group transfer polymerization, olefin, diene and (syndiospecific) styrene 

migratory-insertion polymerization as well as ring-opening polymerization of lactones, 

lactides, cyclic ethers, and carbonates.[17-19,21] Using a one-directional mechanistic crossover, 

these different polymerization methods can be combined in a living fashion, further increasing 

the versatility of organo-rare earth metal compounds for the synthesis of functional high value 

polymers.[20] 

Rare earth metal-mediated group transfer polymerization (REM-GTP) combines the 

advantages of living ionic and coordination polymerizations, making it a promising and 

versatile tool for the synthesis of designed functional materials. Intensive research on REM-

GTP has been carried out over the past two decades, optimizing reaction conditions, initiator 

efficiency, and control over stereoregularity, on the use of different metals, as well as on their 

implementation to a variety of monomers, for example, different (meth)acrylates and 

(meth)acrylamides.[17-20] As the polymerization of these monomers is also possible via other 

methods and as their stereospecific polymerization does not lead to a substantial improvement 

of the material properties, despite its advantages and potential, the interest in REM-GTP has 

decreased over the past years. 

Nonetheless, in principle, REM-GTP is not restricted to (meth)acrylic monomers. Recent 

publications have shown the suitability of REM-GTP to a variety of other monomer classes, 

particularly poly(vinylphosphonate)s, a material class which is not satisfactorily accessible 

via other polymerization methods.[22,23] Requirement to the monomers suitable for REM-GTP 

is a Michael acceptor-type behavior with S-cis position of the double bonds and a pronounced 

π-overlap (Figure 1.2).  
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Figure 1.2: Example monomers suitable for REM-GTP: methyl methacrylate (MMA), N,N-dimethyl 

acrylamide (DMAA), dimethyl vinylphosphonate (DMVP), 2-iso-propylene-2-oxazoline (IPOx), 

2-vinylpyridine (2VP) and the general structure of suitable Michael acceptor-type monomers (from 

left to right). 

 

Initial investigations on rare earth metal-mediated vinylphosphonate polymerization have 

proven the livingness of polymerization and suggest a GTP mechanism taking place,[23] 

however, other typical characteristics of REM-GTP, e.g. the efficient initiation by strongly 

basic carbanion initiators or the rare earth cation size-reactivity relationship, were found to be 

strongly altered for its application to vinylphosphonates.[23,24] Accordingly, in order to expand 

the applicability of REM-GTP to the above mentioned scope of monomers, a deeper 

understanding of the underlying initiation and propagation mechanism is necessary.  

Therefore, it was a major scope of this thesis to conduct detailed mechanistic studies in order 

to verify the origin of unexpected monomer polymerization behavior and to allow a prediction 

of this behavior for other monomers of interest. On basis of the mechanistic conclusions 

drawn, a systematic improvement of the applied catalysts should be performed, both 

regarding their initiator efficiency and activity. Particularly, this includes the investigation of 

versatile complex synthesis routes in order to allow an easy and sophisticated modification of 

the catalyst properties. Developing a deeper understanding of the monomer polymerization 

behavior, the catalyst applicability should be widened, therefore broadening the scope of 

REM-GTP onto the vast variety of Michael acceptor-type monomers. To further increase the 

versatility of REM-GTP, on basis of initiation mechanism studies, control of chain end 

functionalization should be enabled, particularly leading towards the development of a 

surface-initiated group transfer polymerization (SI-GTP) mediated by rare earth metal 

catalysts. 
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“Try to learn something about everything and everything about something.” 
 

- Thomas Henry Huxley (1825-1895)  
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In this chapter, an introduction will be given to principles of polymerization as well as to 

synthetic and analytical methods which are of importance to the results presented in this 

work. This includes a brief overview of the synthesis of rare earth metal complexes, the 

classification and definition of polymerization types and a short account on the 

thermosensitive behavior of polymer solutions. An introduction to the polymerization kinetics 

of living coordination polymerizations, the kinetic analysis of activation enthalpy and entropy 

according to the transition state model, as well as a brief outline on absolute analytical 

methods for the determination of the molecular weight of polymers will be presented. A 

detailed overview of vinylphosphonate polymerization as well as an introduction to rare earth 

metal-mediated group transfer polymerization (REM-GTP) will be given in chapter 4. 

 

 

 

 

2.1 Synthetic Routes towards Rare Earth Metal Complexes 

  

Within the past two decades, rare earth metal complexes have become an increasing focus of 

both academic and industrial research according to their versatile use as homogeneous 

catalysts for a vast variety of polymerizations and related catalytic transformations. Large 

efforts have been directed especially towards their utilization as a catalyst or initiator for 

coordination-addition or migratory-insertion polymerization of polar and non-polar olefins 

and for living anionic ring-opening polymerization of lactones and lactides,[1-5] as well as to 

their application as catalysts for olefin hydrogenation, hydrosilylation, hydroboration and 

alkyne dimerization.[6-10] These application-driven research efforts were accompanied by a 

tremendous development of efficient and versatile synthetic strategies for the synthesis or rare 

earth metal complexes within the last 20 years. Particularly, the development of synthetic 

routes via homoleptic σ-bonded amide and alkyl precursor complexes has been an essential 

basis for the growing importance of rare earth metal-based catalysts.[9,10] 

According to the significant interest in rare earth metal complexes and their extreme 

sensitivity to oxygen and moisture, a variety of different synthetic strategies has been 

developed since the middle of the last century. It is surprising however, that until the end of 

the 1990ies, the salt metathesis route following the original synthesis protocol reported by 

Wilkinson in 1954 has been the only well-studied and well-established synthetic route.[9,11,12] 

The synthesis of divalent rare earth metallocenes from the corresponding metals in liquid 
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ammonia with cyclopentadienes according to E. O. Fischer,[13-16] as well as transmetallation 

(e.g. with mercury or thalium complexes)[17-19] and a synthetic route via Ln(C6F5)2
[20] are 

limited to those lanthanides, which form sufficiently stable divalent cations.[9] Desilylation as 

well as destannylation fail in case of ansa-lanthanidocenes[21-23] and the direct reduction of the 

ligand by the rare earth metal is restricted to a limited number of systems.[9,24,25] 

Within the last 20 years, more attention has been drawn to precursor routes, particularly via 

homoleptic σ-bonded amide and alkyl precursors.[9-11,26] To date, the only well-established 

methods for the synthesis of rare earth metal complexes are the salt metathesis and the 

precursor route, which will be both presented in more detail in the following. The present 

work exclusively used rare earth metallocenes, hence, the different synthetic approaches are 

compared for the synthesis of these systems. However, most statements can be transferred 

directly also for the synthesis of half sandwich or non-metallocene-based rare earth metal 

complexes. 

 

 

2.1.1 Salt Metathesis Route 

 

In the original synthesis protocol by Birmingham and Wilkinson, trivalent rare earth metal 

cyclopentadienides Cp3Ln were synthesized from the anhydrous rare earth metal chlorides 

and sodium cyclopentadienide (NaCp) in tetrahydrofurane (THF) solution (Scheme 

2.1a).[12,27] Within the continuous development of the salt metathesis route, various ligand 

salts (MLb) have been reacted with different rare earth metal salts LnXm (often in form of thf 

adducts) in order to form a variety of rare earth metal complexes of the general structure 

LaLnXm-a(thf)y (Scheme 2.1b).[9]  

 

 

Scheme 2.1: Synthesis of rare earth metal complexes according to the salt metathesis route; a) 

original synthesis protocol according to Birmingham and Wilkinson
[12,27]

 and b) its further 

development.
[9] 
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This synthetic route is fast and requires a minimum of reaction steps at the rare earth metal 

center. However, despite the versatility of applied reagents, some intrinsic limitations of this 

method could not be solved. Whereas this synthetic procedure is well suited for non-bridged 

cyclopentadienyl complexes, it is restricted to a small number of ansa-cyclopentadienyl 

ligands and often fails for the synthesis of indenyl- and fluorenyl-based systems,[9,28,29] 

presumably due to the small thermodynamic driving force between educts and products as a 

result of the small electronegativity difference between the mainly applied alkali metals and 

the rare earth metal center. Especially in case of trivalent rare earth metal complexes, this 

synthetic route often suffers from the contamination of the product with alkali salts and 

solvent molecules by ate complex formation (Figure 2.1).[9,11,26,30] Consequently, the salt 

metathesis route is encumbered by lengthy and tedious purification procedures often resulting 

in low product yields.[11,26,30]   

 

 

Figure 2.1: Examples for ate complexation at rare earth metal complexes.
[10] 

 

Especially in case of ansa-rare earth metallocenes (and also for a variety of other chelating 

ligands), this synthetic route proves to be very inefficient.[9,28,29] This may be attributed to the 

instability of the used dialkali salts of the applied ligands (at the often necessary elevated 

reaction temperatures) as well as the possible formation of multimetallic complexes and 

clusters by bridging via the used chelating ligands or µ-halogen bridges (Figure 2.2).[9] 

According to theoretical calculations, the formation of multinuclear complexes via ligand 

bridges is often energetically favored over chelating structures if the coordination sphere is 

saturated with halogen atoms.[31] 

 

 

Figure 2.2: Competitive formation of monometallic species a) and multimetallic clusters b) - d). 
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Despite the simplicity of the salt metathesis route and the few reaction steps involved, its 

strong disadvantages, especially for the formation of more complex coordination spheres, 

limit its utilization to the synthesis of a very restricted variety of structures. Consequently, the 

development of the precursor route has been an indispensable improvement of the synthetic 

methodology towards rare earth metal complexes. 

 

 

2.1.2 Precursor Route 

 

The precursor route for rare earth metal complex synthesis involves the formation of reactive 

precursor complexes of the general structure LnB3(donor)x and LnB2(donor)x for tri- and 

divalent rare earth metal centers, respectively. B represents a strongly basic σ-donor ligand 

and the coordination sphere of the precursor complex is saturated by a variable amount of 

coordinated neutral donor molecules, e.g. solvent molecules such as THF. There are different 

possibilities for the formation of these precursors, in case of trivalent metal centers however, 

most commonly they are formed via salt metathesis from the rare earth metal chloride THF 

adduct LnCl3(thf)x and the lithium salt of the base LiB (Scheme 2.2a).[9,10] Suitable bases B 

ensure that the resulting precursor complex is well-soluble in non-polar solvents and inhibit 

the formation of ate complexes, allowing a simple and complete separation of the formed 

alkali halogenide. The precursors are transformed into the desired complexes by simple 

deprotonation of the ligands under formation of HB (Scheme 2.2b), which is commonly a 

volatile compound and can thus be removed easily in vacuo.[9,10] This approach allows a 

consecutive introduction of different ligands and thus opens the access to complex 

coordination spheres (Scheme 2.2c).[10] 

 

 

Scheme 2.2: Synthesis of trivalent rare earth metal complexes via the precursor route: a) formation 

of the precursor complex, b) introduction of the ligand sphere by protonolysis of B, c) possibility for 

the consecutive introduction of different ligands (x = 0-3.5). 

 

This synthetic approach has been first applied to rare earth metals in the late 1980ies, when 

the amide route, which has previously been successfully introduced to group 4 
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chemistry,[32-37] was transferred to rare earth metal systems.[38-40] Over the past two decades, a 

large variety of different bases has been presented. Most common are amide and alkyl 

species, but also the use of phosphides[41,42] and a variety of other carbon-based bases, e.g. 

phenyl and alkynide,[10] has been reported. 

The established amide route for group 4 metal complex synthesis commonly utilizes strongly 

basic dialkylamides, e.g. dimethyl- or diisopropylamide.[9,26] The application of these 

dialkylamides towards rare earth metal precursors leads to the formation of oligomeric species 

or polymeric networks resulting in poor solubility, decreased reactivity and frustrating 

characterization.[9,10] The agglomerization of monometallic species is a result of both steric 

and electronic factors and may be attributed to the high basicity of the amides (e.g. 

pKa(HNiPr2) = 36.0[43]) as well as to a sterical undersaturation at the rare earth metal center.[9] 

High basicity (i.e. reactivity) also facilitates the formation of ate complexes.[9,10]  

According to their lower basicity and better steric shielding of the metal center, the use of 

silylamides instead of dialkylamides gives access to discrete monometallic precursors.[9]    

The first described Ln(btsa)3 precursors (btsa = bis(trimethylsilyl)amide, N(SiMe3)2, 

pKa(HN(SiMe3)2) = 25.8[44]) however, suffer from the enormous steric demand of the btsa 

ligand resulting in a low reactivity of the precursor complex, particularly with sterically 

hindered CH-acidic compounds such as indenyl and fluorenyl ligands.[9,11] Accordingly, the 

use of Ln(btsa)3 precursors gives rather poor yields and is limited to less sterically demanding 

substrates.[9]  

Strong improvement could be made in the second half of the 90ies by the use of the less bulky 

bdsa ligand (bdsa = bis(dimethylsilyl)amide, N(SiMe2H)2, pKa(HN(SiMe2H)2) = 22.8[9,26]) 

yielding stable precursor complexes of the structure Ln(bdsa)3(thf)x over the whole size range 

of the rare earth metals (with x = 1 for Sc, and x = 2 for all other rare earth metals).[9,11,26] The 

enhanced flexibility of these precursors in comparison to their btsa analogues, and the 

possibility of THF dissociation ensures ligand approach and proton transfer.[11] According to 

the convenient synthesis protocol of this extended silylamide route[9,11,26] and the pronounced 

stability of the bdsa precursor complexes, both in solid state and solution, complex synthesis 

via the Ln(bdsa)3(thf)x precursor was chosen as a major synthetic route for this work.  

However, the extended silylamide route also suffers from both kinetic and thermodynamic 

limitations. Thermodynamically, the low basicity of the bdsa ligand leads to strong 

restrictions concerning the spectrum of suitable protic substrates, e.g. deprotonation of amide-

containing constrained geometry or fluorenyl-based ligand systems is not possible.[9,26] 

Kinetically, steric repulsion hinders the reaction between a variety of substrates and the 
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Ln(bdsa)3(thf) reaction intermediate.[9,26] Accordingly, the extended silylamide route is more 

versatile than the original btsa-silylamide route, but still limited. Additionally, the present   

Si–H bonds do not only stabilize the rare earth metal center by agostic interactions, but can 

also facilitate side reactions. Formed complexes of the general structure L2Ln(bdsa) tend to 

decompose by Si-H activation over the course of several weeks if not completely purified.[9] 

Within the frame of this work, hydrosilylation reactions were observed between the Si-H 

group and ketones or aldehydes, therefore inhibiting the synthesis of the corresponding enolic 

initiators via the extended silylamide route. 

According to the limitations of the extended silylamide route, the use of the more reactive 

alkyl precursors was evaluated as a second precursor route within this framework. In analogy 

to the amine elimination route, also in the alkyl precursor route, the silyl-substituted 

derivatives CH2SiMe3, CH(SiMe3)2 and C(SiMe3)3 are the most applied alkyl ligands in rare 

earth metal chemistry and will be discussed briefly in the following.[10] Within the last two 

decades, a large variety of other precursors with σ-bonded carbon-based ligands has been 

described. For a detailed overview on synthesis, structure and properties of homoleptic rare 

earth metal precursors containing Ln-C σ-bonds, the reader is directed to a recent review from 

Zimmermann and Anwander.[10]   

The particular importance of silyl-substituted ligands in rare earth metal chemistry can be 

largely ascribed to the remarkable stability of the resulting complexes. This stability can be 

mainly explained by two considerations: first, β-hydride elimination is an important 

decomposition pathway in rare earth metal chemistry; in case of trimethylsilyl-substituted 

derivatives, ligand degradation reactions are impeded by the absence of β-hydrogen atoms.[10] 

Second, the strong stabilizing effect of the silyl substituents is ascribed to the stabilization of 

the respective anion by (p → d)π or (p → σ*) interaction with the silicon atom.[10,45-47] 

Within the series of trimethylsilyl-substituted methyl ligands, the extremely bulky 

tris(trimethylsilyl)methyl C(SiMe3)3 is used only for divalent lanthanide precursors.[10] 

According to its enormous steric demand, it efficiently suppresses ate complexation for the 

large divalent lanthanide cations.[10] Bis(trimethylsilyl)methyl CH(SiMe3)2 is a suitable ligand 

for both divalent and trivalent rare earth metal precursors. According to its insufficient steric 

and electronic saturation of the large divalent metal centers, its use is hereby limited to the 

smallest Yb(II) metal center.[10] On the contrary, the CH(SiMe3)2 precursors of trivalent rare 

earth metals are accessible over the whole cation size range.[10,48-52] Depending on the 

synthesis conditions, the precursors can be obtained either as solvent adducts or, in analogy to 

the similar-sized btsa ligand, also solvent-free. However, the synthesis is hampered by readily 
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occurring ate complexation, particularly in presence of donor solvents.[10] This unwanted 

reaction can be avoided by synthesis starting from Ln(OArtBu)3 instead of the rare earth metal 

chloride.[48] According to their “alkyl-only” character, solvent-free Ln(CH(SiMe3)2)3 

precursors have found large attention, as salt or solvent coordination at the product complexes 

is precluded.[10] As a major drawback of the trivalent bis(trimethylsilyl)methyl precursors, the 

protonolysis reaction with protic substrates is usually kinetically controlled and strongly 

sensitive to the applied reaction conditions and the steric demand of the reactants.[10] Hence, 

in analogy to the btsa precursors, their use is limited for the middle-sized and large trivalent 

rare earth cations and sterically less demanding ligands only.[9,10] 

Already described as early as 1973 by Lappert and Pearce,[53] the application of homoleptic 

(trimethylsilyl)methyl rare earth metal complexes Ln(CH2SiMe3)(thf)x (x = 2-3) as a synthesis 

precursor has undergone a tremendous development in the last decade.[10] Today, these 

precursor complexes are amongst the most widely used starting materials in organo-rare earth 

metal chemistry.[10] Commonly synthesized from LiCH2SiMe3 and LnCl3(thf)x, often in 

hexane suspension,[54,55] these precursors can be obtained only for small and middle-sized rare 

earth metals, with Sm marking the upper cation size limit.[10] The insufficient steric shielding 

of the metal center by the CH2SiMe3 ligand results in donor molecule (commonly THF) 

coordination, and as a major drawback of this precursor route, in thermal instability of these 

precursor complexes, both in solid state and in solution.[10,56] This instability increases for 

larger metal centers and decomposition leads to insoluble oily products under the formation of 

SiMe4.
[56] As another disadvantage of this alkyl precursor route, readily occurring ate 

complexation can lead to products which are of only limited use as synthesis precursors.[10] 

Despite the aforementioned drawbacks (cation size restriction, thermal instability, and ate 

complex formation), Ln(CH2SiMe3)(thf)x is amongst the most widely used precursors as it 

opens the access to complex ligand spheres via consecutive protonolysis of the CH2SiMe3 

ligands, and as it displays high reactivity according to both the good accessibility of the metal 

center and the high basicity of the CH2SiMe3 group (the pKa-value of SiMe4 has not been 

exactly determined, but is estimated from gas phase acidities to be in the range of similar 

hydrocarbyl proligands, i.e. pKa(SiMe4) > 40[10,57-60]), thus being applicable to a broad scope 

of protic substrates.[10] Additionally, remaining CH2SiMe3 groups can initiate a variety of 

catalytic transformations, which is a strong advantage especially in comparison to the less 

reactive bdsa ligand.[9,10] Consequently, an exchange of one CH2SiMe3 group by suitable 

initiators is often unnecessary. 
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As both Ln(bdsa)3(thf)x and Ln(CH2SiMe3)(thf)x were used as synthesis precursors within the 

scope of this work, a detailed comparison of these two precursor routes is summarized in 

Table 2.1. 

 

Table 2.1: Comparison of the extended silylamide route and the CH2SiMe3 precursor route. 

Ln(bdsa)3(thf)x (x = 1,2) Ln(CH2SiMe3)(thf)x (x = 2,3) 

Precursor Structure Precursor Structure 

  

Advantages Disadvantages 

•   No cation size limit 

•   Stable in solid state and solution 

 

•   Storage possible 

•   Rarely occurring ate complexation at   

     precursor and target structures  

•   Sm as upper cation size limit 

•   Thermally instable in solid state and  

     solution 

•   Storage not possible 

•   Readily occurring ate complexation at  

     precursor and target structures  

Disadvantages Advantages 

•   pKa(HN(SiMe2H)2) = 22.8 

•   Thermodynamic limitation                       

     for protonolysis (low pKa) restricts  

     substrate range  

•   Kinetic limitation                                          

     for protonolysis by steric repulsion 

•   Low reactivity of bdsa as initiator  

     for catalytic transformations  

•   Reactive Si-H bonds can lead to side  

     reactions 

•   pKa(SiMe4) > 40 

•   No (negligible) thermodynamic limitation    

     for protonolysis (high pKa) allows                

     reaction with a broad range of substrates 

•   No (negligible) kinetic limitation                  

     for protonolysis by steric repulsion 

•   High reactivity of CH2SiMe3 as initiator  

     for catalytic transformations 

•   No reactive Si-H bonds present 

 

 

 

 

for x =2 for x =2 
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2.2 Principles of Polymerization 

 

2.2.1 Classification of Polymerization Methods 

 

The classification of polymerizations can follow a broad variety of different criteria. The most 

common classifications hereby regard[61] 
 

- the origin of the polymers (synthetic or natural), 

- the chemical structure of the polymerizable moiety of the monomer (e.g. vinyl-

group or ring-opening polymerizations), 

- the existence or non-existence of low-molecular weight condensation byproducts 

(original classification of polymerizations according to Carothers 1929),[62] 

- the type of initiation (e.g. thermal, photochemical), 

- the nature of the active species (e.g. radical, cationic, anionic), 

- the mechanism (e.g. in case of coordination polymerizations into migratory-

insertion or coordination-addition polymerization), 

- the livingness of the polymerization and 

- the reaction conditions (e.g. in bulk, suspension, emulsion). 
 

However, the most important criterion for the classification of polymerization reactions is the 

process of polymer formation. Hereby, polymerization methods are classified into two major 

classes: chain-growth and step-growth polymerizations. For chain-growth polymerizations, 

the polymer formation occurs only via addition of monomer units to a growing polymer chain 

end; for step-growth polymerizations, formed polymer chains can react with either a 

monomer or another polymer.[61] Combining this criterion with Carothers’ criterion of the 

existence or non-existence of low-molecular weight byproducts yields the four basic types of 

polymerization (according to IUPAC)[61,62]:  
 

- polyaddition (step-growth without formation of byproducts, e.g. poly(urethane) 

formation), 

- polycondensation (step-growth with formation of byproducts, e.g. synthesis of 

Nylon 6.6),  

- chain polymerization (chain-growth without formation of byproducts, e.g. living 

ionic polymerizations, coordination polymerizations) and  

- the very seldom condensative chain polymerization (chain-growth with formation 

of byproducts). 
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In case of chain-growth polymerizations, a further differentiation is made between living- and 

non-living-type polymerizations. According to Swarc, ideal living polymerizations are 

defined as chain-growth polymerizations for which no termination or chain transfer reactions 

occur and for which the rate constant of the initiation reaction is much higher than the rate 

constant of the propagation reaction.[63,64] As a consequence, the apparent reaction rate is not 

influenced by initiation and termination reactions and the concentration of active chain ends 

remains constant throughout the whole polymerization. Accordingly, the molecular weight of 

the formed polymer is determined only by the monomer-to-initiator ratio and the obtained 

molecular weight distribution is very narrow, following a Poisson-type distribution.[61,65] The 

reaction kinetics of living polymerizations will be discussed in more detail in chapter 2.3. 

 

 

Figure 2.3: Number-averaged degree of polymerization as a function of the conversion of functional 

(polymerizable) groups for different polymerization types: (blue) step-growth polymerization with 

ideal stoichiometry (S = 1), (red) living chain-growth polymerization with [Mon]0/[I]0 = 250 and 

(green) non-living chain growth polymerization with the ratio of propagation to termination rate 

unaffected (A), decreasing (B) or increasing (C) for higher conversions. 

 

Each of these polymerization types shows a characteristic relationship between the obtained 

number-averaged degree of polymerization and the conversion of functional (polymerizable) 

groups (Figure 2.3).[61] The stepwise growth of polyaddition and polycondensation reactions 

leads to low degrees of polymerization up to high conversions, at which the molecular weight 

then increases drastically. Hence, high molecular weight polymers may only be obtained for 
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very high monomer conversions, and only, if the right stoichiometry between the reaction 

partners is used. The relationship between molecular weight, stoichiometry and conversion is 

described in the Carothers’ equation[61] 

 

 
S1)C1(S2

1S
X n

−+−×

+
=        (2.1) 

 

using the conversion C and the initial stoichiometric ratio of the reaction partners 

S = nA,0/nB,0, thus allowing a precise prediction of the molecular weight obtained by certain 

reaction conditions. 

For living chain-growth polymerizations, due to the fast initiation and the absence of 

termination reactions, a linear increase of the number-averaged degree of polymerization 

upon monomer conversion is observed.[61] For non-living chain-growth polymerizations, the 

relationship between molecular weight and conversion is dependent on the effect of the 

monomer concentration and the viscosity on propagation and termination rates. Accordingly, 

depending on the applied reaction conditions, the molecular weight can be unaffected by the 

conversion (e.g. if both rates are not affected), it can increase (if the termination rate is slowed 

down, e.g. due to an increase of the reaction mixture viscosity during free radical 

polymerizations) or decrease for higher conversions (e.g. if the propagation rate follows first 

order kinetics in monomer concentration whereas the termination reaction is not affected by 

this concentration). As the relationship between the degree of polymerization and the 

conversion is characteristic for different polymerization classes, the determination of this 

relationship allows an identification of the occurring polymerization mechanism. 

For all polymerization classes, the polymer formation can be facilitated by a catalyst. A 

catalyst is defined to remain unchanged, i.e. to not be converted, during the course of a 

reaction. Consequently, catalytic polymerizations are defined by exhibiting turn over 

numbers, TONs, for both monomer conversion and polymer chain production, i.e. a 

polymerization catalyst must produce more than one polymer chain.[5] Therefore, living 

polymerizations are per se not catalytic. In case of living coordination polymerizations, e.g. 

rare earth metal-mediated GTP, for which the chain-growth is catalyzed by a coordinated 

metal complex (which thus serves as both initiator and catalyst), this leads to a terminology 

conflict. To overcome this, according to previous literature, the term “catalyst” is used within 

the frame of this work only concerning the catalyzed monomer addition.[5] In general, a 

differentiation should be made between catalyzed (with a catalyst having a TON for monomer 

conversion only) and catalytic polymerizations. 



Chapter 2   

22 

2.2.2 Kinetics of Living Coordination Polymerizations 

 

Chain-growth polymerizations initiated by coordination and metal oxide initiators are called 

coordination polymerizations and are usually ionic in nature.[66] The chain-growth is thereby 

mediated by a (metal) catalyst coordinated at the growing chain end. Also for these 

coordination polymerizations, both living (e.g. coordination-addition polymerization or living 

ring-opening polymerizations) and non-living (e.g. migratory-insertion polymerization of 

olefins using classical Ziegler-Natta catalysts) forms exist.  

For ideal living polymerizations, the apparent rate is not influenced by initiation or 

termination reactions. The propagation (apparent) rate rp of classical ionic (non-coordinative) 

polymerizations commonly follows a bimolecular reaction between a reactive chain end P* 

and a monomer Mon. The rate law for the propagation reaction therefore reads[61] 

 

 rp = [Mon] × Σr(kp,r[P*]r).       (2.2) 
 

For the kinetic analysis of polymerizations, it is commonly assumed, that the reactivity of the 

growing polymer chain is not influenced by its molecular weight.[61] This condition is often 

already fulfilled for very low degrees of polymerization.[61] Furthermore, the concentration of 

growing chain ends is equal (or proportional in case of multifunctional initiators) to the 

concentration of used initiator [I]0. However, in case of non-ideal living polymerizations, 

initiators may be deactivated by impurities or by radical recombination. This initial 

deactivation is commonly addressed by the determination of the initiator efficiency I*, which 

does not change throughout the reaction if the initiation rate is much higher than the 

propagation rate. These considerations allow a simplification of the rate law to  
 

 rp = kp[P*][Mon] = kp[I*][Mon]      (2.3) 
 

with 
 

[I*] = [I]0 × I*         (2.4) 
 

and  
 

[Mon] = [Mon]0 × (1-C).        (2.5) 
 

According to the linear relationship between number-averaged molecular weight and 

monomer conversion for living polymerizations, the initiator efficiency I* is calculated from 
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the initial monomer-to-initiator ratio [Mon]0/[I]0, the conversion C, the monomer molar mass 

MMon and the number-averaged molecular weight of the formed polymers nM following 

 

 I* = MMon × ([Mon]0/[I]0) × C/ nM .      (2.6) 

 

It should be noted, that the calculation of the initiator efficiency from the molecular weight of 

the formed polymers is only valid in the absence of termination reactions. 

In contrast to classical (non-coordinative) polymerizations, the propagation of coordination 

polymerizations can involve either one or two catalyst molecules. In case of metal catalysts, 

these are called mono- and bimetallic polymerizations. For some types of catalysts, both 

mechanisms can also occur simultaneously. Additionally, the corresponding rate determining 

step (RDS) can be independent of the monomer concentration, i.e. if the RDS is not the 

coordination of a monomer at the catalyst. Hence, in case of coordination polymerizations, the 

reaction orders of monomer and catalyst cannot be presumed and thus have to be determined. 

Therefore, the general rate law for coordination polymerizations reads 
 

 rp = kp[Cat]m[Mon]n.        (2.7) 
 

Nevertheless, in case of living coordination polymerizations, the determination of the initiator 

efficiency according to equation 2.6 (substituting [I]0 by the initial catalyst concentration 

[Cat]0) allows access to the active catalyst concentration [Cat*]. This is a major advantage in 

comparison to non-living coordination polymerizations, for which the determination of the 

number of active sites is a common problem, thus inhibiting a validation of the actual 

catalytic activity of each active site (i.e. the determination of turnover frequency, TOF, and 

number, TON). The corresponding rate law for living coordination polymerizations thus reads 
 

 rp = kp[Cat*]m[Mon]n.        (2.8) 
 

Importantly, for bimetallic living propagation reactions, the initiator efficiency never raises 

above 50%, as two catalysts/initiators are necessary for chain growth of one polymer chain.[5] 

However, this effect may also be observed for monometallic propagation reactions, for which 

two metal complexes are forming a bifunctional initiator, e.g. for redox initiation of MMA 

polymerization by divalent lanthanide initiators.[5,67] 
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2.2.3 Chain-growth Copolymerization 

 

In chain-growth polymerizations, polymers which contain units of two or more different 

monomers are called copolymers. They can be formed by either sequential, i.e. block or graft 

copolymerization or simultaneous, i.e. statistical, random or alternating copolymerization of 

the comonomers.[66] Chain copolymerizations are of both large commercial and academic 

interest as they allow for the synthesis of an almost unlimited number of different tailor-made 

products with specific functionality.[66] Especially simultaneous copolymerizations are of 

great importance for the understanding of the influence of the chemical structure on monomer 

and chain end reactivity, thus giving mechanistic insights into the occurring propagation 

mechanism.[66] 

The reactivity of the monomers in copolymerizations cannot simply be determined from their 

homopolymerization rates, as some monomers are more reactive in copolymerization, 

whereas other monomers are less reactive.[66] Intriguingly, this feature often allows the study 

of copolymerization rates to provide a deeper insight into the underlying polymerization 

mechanism than the corresponding homopolymerizations. For the determination of the 

copolymerization parameters, the chemical reactivity of the propagating chain is commonly 

assumed to depend only on the identity of the monomer at the growing end and independent 

of the chain composition preceding the last monomer unit.[66,68-71] This is referred to as the 

first-order Markov or terminal model of copolymerization.[66] There has been developed a 

number of more powerful, but also more complicated models, e.g. the penultimate model 

considering the last two monomer units of the propagating chain or models including 

monomer complex formation and depropagation reactions, however, in most cases, the 

terminal model sufficiently describes a copolymerization.[66,68-71] 

In the terminal model for the copolymerization of two comonomers, it can be differed 

between four different propagation reactions 
 

 Mon1*  +  Mon1     Mon1*      (2.9) 

Mon1*  +  Mon2     Mon2*      (2.10) 

Mon2*  +  Mon2     Mon2*      (2.11) 

Mon2*  +  Mon1     Mon1*      (2.12) 
 

between the reactive chain ends Mon1* and Mon2* and the comonomers Mon1 and Mon2 with 

the corresponding rate constants k11, k12, k21 and k22. The corresponding conversion rates of 

both monomers read 
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 -d[Mon1]/dt = k11[Mon1*][Mon1] + k21[Mon2*][Mon1]   (2.13) 

 -d[Mon2]/dt = k12[Mon1*][Mon2] + k22[Mon2*][Mon2].   (2.14) 
 

Dividing equation 2.13 by 2.14 yields the ratio of the rates of comonomer addition to the 

propagating chains, i.e. the instantaneous copolymer composition[66] 
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In order to remove the unknown concentrations of the reactive chain ends [Mon1*] and 

[Mon2*], a steady state is assumed for both concentrations, i.e. the rates of the interconversion 

reactions 2.10 and 2.11 have to be equal.[66] Combining this assumption with the use of the 

monomer reactivity ratios r1 and r2 (also: copolymerization parameters), which are defined as 
 

 r1 = k11/k12         (2.16) 

r2 = k22/k21         (2.17) 
 

yields the copolymerization equation 
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The copolymerization parameters r1 and r2 show characteristic values for the different types of 

copolymerizations. So-called ideal copolymerizations are characterized by r1r2 = 1, with 

r1 = r2 = 1 termed random or Bernouillan copolymerization, alternating copolymerizations by 

r1r2 = 0 and copolymerizations with a tendency to form block or block-like copolymer 

structures by r1 > 1 and r2 > 1.[66]  

Most experimental evaluations of the copolymerization parameters use a linearization of the 

copolymerization equation in r1 and r2.
[66] Mayo and Lewis[69] rearranged the 

copolymerization equation to 
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r2 is plotted for various assumed values of r1, with each experiment giving a straight line. The 

intersection of the straight lines yields the best values of r1 and r2.
[66] A more straight-forward 

approach was presented by Fineman and Ross, who rearranged equation 2.18 to 
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for the determination of r1 and    
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for the determination of r2 (the slope of the corresponding linear plots gives statistically more 

significant values than the y-intercept).[66,72] The experimental data points are unequally 

weighed by both the Mayo-Lewis and the Fineman-Ross method, with high mol fractions 

having the greatest effect on the obtained monomer reactivity ratios.[66] In case of the 

Fineman-Ross method, calculation of the copolymerization parameters from the y-intercept 

instead of the slope gives a higher weighing of the data points with low mol fractions. Kelen 

and Tüdos addressed this problem by introducing an arbitrary position constant α giving all 

data points equal weight.[73] The linearization according to Kelen and Tüdos reads 
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using α = (FmFM)1/2 with Fm and FM corresponding to minimum and maximum values of  
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In many cases, the instantaneous copolymer composition, i.e. the ratio of comonomer 

conversion rates, is not directly accessible. Then, even if the conversion is held as low as 

possible, the differential form of the copolymerization equation suffers from limitations which 

arise from the necessity to isolate the copolymer sample or, if the copolymer composition is 

measured by a change of the comonomer feed ratio, from the necessity to have a significantly 

measurable change in the feed composition.[66] Thus, an integral approach, for which the 

experimental results for the change in copolymer or feed composition with conversion are 

fitted to an integrated form of the copolymerization equation, provides a method yielding 

more reliable values for the copolymerization parameters r1 and r2.
[66] However, this involves 

a largely increased experimental and computational effort.  
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2.3 The Transition State Model for the Determination of Activation 

Enthalpy and Entropy 

 

There are two major theories to describe the temperature-dependence of the reaction rate 

constant. The collision model according to Arrhenius describes a dependence of the rate 

constant on the pre-exponential factor A‡, the product of the number of collisions p and the 

probability of collisions to lead to a subsequent reaction Z, and the Boltzmann factor 

exp(-�E‡/RT), which gives a measure for the number of molecules having sufficient energy to 

react[61]: 
 

 k = A‡ × exp(-�E‡/RT) = pZ × exp(-�E‡/RT)    (2.24) 
 

�E‡ is called the apparent or Arrhenius activation energy. Strictly speaking, the Arrhenius 

equation can only be applied to gas phase reactions.[74] In all cases for which the simple 

collision model is not sufficient, e.g. condensed or mixed phase reactions, the Eyring 

equation, a transition state model, can be used.[61,74] According to this model, for a 

bimolecular reaction with the rate law 
 

 r = k[A][B],         (2.25) 
 

the reaction is proceeding over an instable transition state AB‡ as the potential energy 

maximum. This transition state can react to product C or back to the starting materials A an B: 

 

 A + B               AB‡            C      (2.26) 

 

The transition state model uses two basic principles[74]: 

- There is a thermodynamic equilibrium between the transition state and the 

reactants at the top of the energy barrier.  

- The rate of the chemical reaction is proportional to the concentration of the 

particles in the transition state. 

According to the equilibrium (steady state) approximation between A and B and the transition 

state AB‡, the following rate law can be derived from equation 2.26: 
 

 r = k‡[AB‡] = k‡K‡[A][B]       (2.27) 
 

with the universal rate constant for a transition state k‡.[61,74] k‡ is directly proportional to the 

frequency of the vibrational mode responsible for converting the activated complex to the 

product[74] and can be calculated following 

k1 

k -1 

k‡
 



Chapter 2   

28 

 k‡ = kBT/h.         (2.28) 
 

From equations 2.25, 2.27 and 2.28 and the van’t Hoff reaction isotherm �G‡ = -RT × lnK‡ 

with the Gibbs free activation enthalpy �G‡, the overall reaction rate constant k can be 

described by[61,74] 

 

 k = (kBT/h) × K‡ = (kBT/h) × exp(-�G‡/RT).    (2.29) 
 

Using the Gibbs-Helmholtz equation 
 

 �G‡ = �H‡ - T�S‡,        (2.30) 
 

equation 2.29 is transformed into the Eyring equation 
 

k = (kBT/h) × exp(�S‡/R) × exp(-�H‡/RT)     (2.31) 
 

with its linear form 
 

 ln(k/T) = -�H‡/R × 1/T + �S‡/R + ln(kB/T).     (2.32) 
 

Plotting ln(k/T) against 1/T yields the activation enthalpy �H‡ and entropy �S‡ of the rate 

determining step (RDS) from the slope and the y-intercept of the linear fit curve, respectively. 

Activation enthalpies �H‡ are typically in the range of 20 to 150 kJ/mol, with higher 

activation enthalpies resulting in slower rates.[74] Intriguingly, the activation entropy �S‡ 

allows mechanistic conclusions, as it is a measure for the change of translational, rotational 

and vibrational degrees of freedom in the RDS.[74] Thus, it gives insight into the relative 

extent of order and steric constraints in ground and transition state and allows a differentiation 

between associative (negative �S‡) or dissociative (positive �S‡) mechanisms (e.g. SN1- or 

SN2-type reactions). 

 

 

 

 

 

 

 

 

 

 



Chapter 2   

29 

2.4 Determination of Molecular Weight and Molecular Weight Distribution 

 

2.4.1 Absolute Methods for Molecular Weight Determination 

 

Among the vast variety of methods which have been developed for the determination of the 

molecular weight of polymers (and particles), there is only a limited number of so-called 

absolute methods. Absolute determinations require all parameters to be determined from 1st 

principles, i.e. no assumptions are made of molecular models or conformation and no 

reference to standards (no calibration) is necessary. Absolute methods are often very 

expensive, both in time and equipment.[61] Hence, in preparative laboratories, simple relative 

methods, which are calibrated to reference systems, are preferred. In basic research however, 

where the correlation between molecular structure and physical properties has to be 

elucidated, the use of absolute methods is often inevitable, especially if new materials are 

synthesized, for which no adequate reference system is available.[61] 

Generally, depending on the underlying physical principles, methods for the determination of 

the molecular weight yield different molecular weight averages for polydisperse samples (the 

determination of the molecular weight distribution will be described in chapter 2.4.3). Hereby, 

physical methods which measure systems in their thermodynamic equilibrium commonly 

yield simple averages of the molecular weight.[61] The three most important of these are the 

number-averaged molecular weight 
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with absolute values obtained from methods, for which the quantity to be measured is only 

dependent on the mass concentration of the molecules ci, but at the same time independent 

from their molecular weight Mi, such as cryoscopy as well as vapor pressure or membrane 

osmometry, the weight-averaged molecular weight  
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with absolute values yielded by methods, for which the quantity to be measured is dependent 

on both the mass concentration of molecules ci and their molecular weight Mi, i.e. static light 

scattering (SLS) and small angle X-ray and neutron scattering (SAXS and SANS, 

respectively), and the z-averaged molecular weight 
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with its absolute values determined from the sedimentation equilibrium, e.g. by 

ultracentrifugation.[61]  

Besides the above mentioned, there are two other common methods, which allow an absolute 

determination of the molecular weight under certain conditions, i.e. end group analysis, e.g. 

via titration or NMR spectroscopy, and mass spectrometry. End group analysis yields the 

number-averaged molecular weight, is restricted to polymers with a known constitution and 

only gives reliable values up to rather low molecular weights, with the maximum being 

dependent on the applied analytical technique.[61] Mass spectrometry yields both the 

molecular weight and its distribution (vide infra) and it is the only method which determines 

reduced molecular weights.[61] However, it is commonly assumed that ionization and 

detection (thus signal intensity) is independent of the chain length. This condition is not met 

in many cases, especially for molecular weights above 10 kDa. Additionally, for some 

polymer types, degradation by chain scission is observed during mass spectrometric analysis, 

again, with a larger effect for higher molecular weight fractions.[61] These effects result in an 

underestimation of both the molecular weight average and the polydispersity by mass 

spectrometry and limit its accurate use to low molecular weight materials. 

Commonly, methods yielding the number-averaged molecular weight, e.g. vapor pressure 

osmometry, are more precise in case of lower molecular weight samples, whereas methods 

yielding the weight-averaged molecular weight, e.g. static light scattering, give better results 

for higher molecular weight samples. The development of high energy lasers has led to a 

tremendous improvement of light scattering methods, as with these light sources, the signal-

to-noise ratio of light scattering experiments could be largely increased.[75] As a consequence, 

the introduction of laser light scattering could compensate for the low scattering intensity of 

lower molecular weight samples, thus allowing molecular weight determination for 

particles/polymers down to a molecular weight of several hundred Da.[61] According to the 

resulting suitability of laser light scattering for the absolute analysis of the molecular weight 

over the range of several magnitudes (from 102-3 up to at least 107 Da), this method was 

chosen in the present work for the determination of the molecular weight of the new polymer 

types obtained by rare earth metal-mediated GTP, particularly poly(vinylphosphonate)s. 

Therefore, a brief introduction to the principles of static light scattering will be presented in 

the following chapter.  
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2.4.2 Static Light Scattering 

 

Light scattering is an everyday phenomenon, e.g. the blue sky, the red sunset or the visibility 

of dust particles in a light beam are a result of scattered light. As an electromagnetic wave, 

light causes charges to polarize when it interacts with matter. The formed oscillating charges 

radiate light with a frequency equal (Rayleigh scattering) or different to the incident light 

source (Raman scattering). The intensity of this scattered light IS is dependent on the matter’s 

polarizability α, which is directly related to its index of refraction n[75]: 
 

 1nI 2
S −≈α∝         (2.36) 

 

For solutes, the polarizability is expressed as the specific refractive index increment, 

(dn/dc)[75]: 
 

 2
S )dc/dn(I ∝         (2.37) 

 

In polymers and particles, the single scattering centers move in alignment (in phase), thus the 

intensity of the light scattered by a particle IS,P is proportional to the square sum of the 

absolute values of the field intensity Ei of the light scattered by each scattering center i[75]: 
 

 
2

iiP,S EI Σ∝          (2.38) 

 

The overall scattering intensity is then calculated as the sum of the square absolute values of 

the field intensity Ej of the light scattered by each particle j: 
 

 
2

jjj,P,SjS EII Σ∝Σ=         (2.39) 

 

Accordingly, large particles exhibit a higher scattering intensity than a number of smaller 

particles with the same overall mass, e.g. two particles, each having half the molecular weight 

of a larger particle, together scatter light with only half intensity than the large particle. 

Consequently, IS is determined by the polarizability, the molar mass of the particles M and the 

particle mass concentration c: 
 

 cMIS ×α∝          (2.40) 

 

For particles with a diameter larger than λ/20 with λ = λ0/n, the vacuum wavelength of the 

incident light λ0 and the index of refraction n, intramolecular interference leads to a reduction 
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of the scattering intensity as the scattering angle increases.[75,76] The intensity of the scattered 

light therefore reads 
 

 )(PcM)(IS θ××α∝θ        (2.41) 

 

with the form factor or scattering function P(θ), which is determined by the mean square 

radius of gyration <rg
2> of the particle.[75] It should be noted that P(0°) = 1. The dependency 

of the intensity of the scattered light on the particle mass concentration, its molecular weight 

and the scattering angle θ is visualized in Figure 2.4. 

 

 

Figure 2.4: Dependency of the scattering intensity on particle mass concentration and molecular 

weight and its angular dependency for isotropic and anisotropic scatterers. 

 

As the intensity of scattered light is furthermore dependent on the intensity of the incident 

light I0, the detection volume V and the distance L from the scattering center to the detector, 

light scattering experiments measure the so-called Rayleigh ratio  
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with the intensity of scattered light IS(θ) at the angle θ. For the assumption of an infinitely 

diluted gas (c → 0), R(θ) can be derived as 
 

 )(PcMK)(R θ××=θ        (2.43) 
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with the optical constant  
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with the refractive index of the medium (solvent, vacuum) n0 and the Avogadro constant NA  

(for an exact derivation of this equation, see Ref. [76]). For a polydisperse sample and 

θ → 0°, the overall Rayleigh ratio reads 
 

 wiiiii McKMcK)0(R)0(R ×=Σ×=°Σ=° ,     (2.45) 

 

i.e. as light scattering is dependent on both particle mass concentration and particle molecular 

weight, it provides the weight-averaged molecular weight of the sample.  

For solutions, the measured Rayleigh ratio is equal to the sum of the Rayleigh ratio of the 

solvent and the so-called excess Rayleigh ratio Rex(θ) caused by the solute. Taking into regard 

the (now non-zero) concentration of the solute, from the excess Rayleigh ratio, the weight-

averaged molecular weight of the solute can be determined according to the Zimm formalism 

of the Rayleigh-Debye-Gans light scattering model for dilute polymer solutions[75,76] 
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with the second virial coefficient A2 as a measure of solvent-solute interaction (with A2 > 0 

corresponding to a good solvent for the sample). 

For equation 2.46, there are three limits of interest: the low concentration limit (c → 0) 
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yielding the mean square radius of gyration <rg
2> from P(θ), the low angle limit (θ → 0) 
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yielding the second virial coefficient A2, and the low concentration and low angle limit 

(c → 0, θ → 0) 
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yielding the weight-averaged molecular weight.[75] The extrapolation on c → 0 and θ → 0 is 

usually performed in so-called Zimm plots, for which [Kc/R(θ)] is plotted against 

[sin2(θ/2) + kc] (Figure 2.5).[76] The constant k is arbitrary and is used to put sin2(θ/2) and kc 

in the same numerical range. The final results are independent of this factor.[76] 

 

 

Figure 2.5: Zimm plot extrapolation to c → 0 and θ → 0 for the determination of A2, <rg
2
> and wM . 

 

All parameters used in equations 2.47-2.49 are physical and apparatus constants or can be 

measured from 1st principles. As no assumptions of molecular models or conformation are 

necessary to derive these equations, multi angle static (laser) light scattering (MALS) presents 

a powerful and versatile absolute method for the determination of the weight-averaged 

molecular weight. In many cases however, knowledge of the number-averaged molecular 

weight and the polydispersity is necessary, e.g. in the analysis of living-type polymerizations 

such as REM-GTP. In order to obtain number-averaged molecular weight and polydispersity 

of a sample, static light scattering can be combined with a separation method, which allows 

the separation of the sample according to molecular weight or size (as a function of the 

molecular weight for a homogeneously constituted sample), i.e. with a method for the 

determination of the molecular weight distribution. 
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2.4.3 Determination of the Molecular Weight Distribution 

 

According to the statistic principles of polymerizations, synthetic polymers are commonly not 

molecularly uniform, i.e. they consist of polymer chains with different degrees of 

polymerization and therefore exhibit a molecular weight distribution. The width of this 

distribution can be characterized by the ratio of different molecular weight averages, and is 

most commonly expressed by the polydispersity index[61] 

 

 
n

w

M

M
PDI = .         (2.50) 

 

This polydispersity index can be determined from two separate (absolute) analytical methods, 

e.g. from the weight-averaged molecular weight as derived from static light scattering and the 

number-averaged molecular weight from vapor pressure osmometry. Nevertheless, methods 

which fractionate the polymer sample according to the molecular weight of the polymer 

chains access the actual molecular weight distribution and therefore provide much more 

information, e.g. on the polymerization mechanism (for different distribution functions, see 

Ref. [61]). 

For the determination of the molecular weight distribution, a large variety of different 

techniques has been presented, e.g. ultracentrifugation, mass spectrometry, dynamic light 

scattering, preparative precipitation fractionation, the determination according to a variety of 

viscoelastic properties as well as size exclusion chromatography (SEC) and field-flow 

fractionation (FFF).[61] Again, it can be differed between absolute and relative methods. The 

only methods for the determination of the molecular weight distribution which are per se 

absolute, are ultracentrifugation and mass spectrometry,[61] with the latter being limited for its 

accurate use to low molecular weight samples only (vide supra).  

All other methods require calibration by known molar mass standards, unless they are 

combined with methods for the absolute determination of the molecular weight of each 

fraction i instead of a simple determination of the mass of each fraction. In contrast to 

equations 2.33-2.35, which can only be applied for molecular uniform fractions, the molecular 

weight averages of the sample are then calculated according to[61] 
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i.e. knowledge of both number-averaged and weight-averaged molecular weights of all 

fractions i is necessary. If only one average is determined and equations 2.33 and 2.34 are 

incorrectly applied for molecularly non-uniform fractions, the PDI is underestimated and 

determined molar masses are often incorrect, i.e. if i,ni MM = is used, wM is underestimated, 

and, if i,wi MM = is used, nM is overestimated.[61] 

For separation methods, which access a quasi-continuous molecular weight distribution, i.e. 

achieving good separation and determining very small molecular weight intervals, the single 

fractions can be assumed as molecularly uniform, i.e. equations 2.33 and 2.34 can be applied 

and only one type of molar mass detection is necessary, e.g. via a (multi angle) light 

scattering detector. The only common techniques yielding a quasi-continuous molecular 

weight distribution are size exclusion chromatography (SEC) and field-flow fractionation 

(FFF).  

FFF is a type of liquid chromatography which does not use a stationary phase. Instead, the 

separation takes place in a laminar flow and is caused by an applied cross flow through a 

membrane perpendicular to the laminar flow.[75] Depending on their size, particles can diffuse 

against the cross flow, resulting in a faster elution for smaller particles as a consequence of 

the higher laminar flow rate in greater distance to the membrane. As both laminar and cross 

flow can be adjusted, FFF provides a wide separation range and is a suitable method when 

column chromatography fails due to sample adsorption and degradation or a limitation of the 

exclusion limit.[75] 

SEC is a type of liquid chromatography using a solid porous material with a relatively narrow 

pore size distribution or a gel as the stationary phase.[61] For the analysis of synthetic 

polymers, the latter is often referred to as gel permeation chromatography (GPC). In SEC, the 

sample does not adsorb on the stationary phase, instead, separation occurs corresponding to 

the particle size. The mechanism of separation is not fully understood, however, it is believed 

that large particles are excluded from the pores resulting in a smaller elution volume 

compared to small particles for which these pores are accessible.[61] According to its 

versatility and experimental simplicity, GPC was the method of choice for the separation of 

the new polymer types obtained by rare earth metal-mediated GTP, particularly 

poly(vinylphosphonate)s. Therefore, a brief introduction to the principles of GPC will be 

presented in the following chapter. 
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2.4.4 Gel Permeation Chromatography (GPC) 

 

GPC is a type of SEC using a gel as the stationary phase. For the separation of biopolymers, 

this type of chromatography is also termed gel filtration.[61] GPC allows the separation of a 

polymer mixture according to the hydrodynamic volume of the corresponding particles, i.e. 

particles with a large volume elute first. According to the pore size distribution of the 

stationary phase, GPC exhibits an upper and a lower exclusion limit.[61] As separation is a 

result of particle exclusion from the pores (vide supra), only molecules with a hydrodynamic 

diameter within in the range of the pore size distribution can be separated. In case of organic 

solvents, cross-linked polystyrene is commonly used as the stationary phase, in aqueous 

systems, cellulose and cross-linked dextranes or poly(acrylamide)s.[61] Generally, the eluent 

should exhibit similar solubility parameters[76] than the stationary phase in order to avoid 

distribution effects and to ensure good separation.[61]  

Commonly, the mass concentration of the sample in the eluate is measured time- or volume-

resolved via a concentration detector such as an RI, UV-VIS or IR detector. The width of the 

elution curve is a measure for the molecular weight distribution, nevertheless, as a result of 

axial dispersion, also molecularly uniform samples such as proteins show an elution curve 

instead of a sharp elution peak.[61] Accordingly, for samples with narrow polydispersity (PDI 

below 1.05), if not combined with a molecular weight detector, GPC gives very unreliable 

values for the PDI. 

In order to obtain the molecular weight of a sample from the retention time or volume, a 

rather simple calibration can be performed with reference standards within the exclusion 

limits.[61] Synthetic polymers are usually non-rigid and often exhibit a random coil 

conformation; their hydrodynamic volume strongly depends on the swelling behavior as 

determined by the solvent and the polymer architecture, e.g. linear vs branched. Therefore, a 

simple calibration to reference molar mass standards is restricted to cases, for which retention 

volumes were measured with the same column and solvent at the same temperature, and 

limited to the determination of the molecular weight of polymers with the same constitution 

and configuration as the reference system.[61]  

As an alternative, it is better to perform a calibration for the relationship between retention 

volume VR and hydrodynamic volume VH of the particles. As a measure for VH, the product 

of the intrinsic viscosity [η] and the molecular weight of the particle M can be used, as the 

intrinsic viscosity, a measure for the solutes contribution to the viscosity η of a solution, is 

defined as[61] 
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Calibration with standards of known molecular weight using the empirical Grubisic-Rempp-

Benoit equation 
 

 )M]lg([BAV wR η×−=        (2.54) 

 

is known as the universal calibration.[61] For the determination of [η], GPC needs to be 

coupled with a concentration detector and a viscometer. In order to apply the universal 

calibration for the determination of the molecular weight of polymer types which have not 

been used for calibration, the empirical parameters Kv and α in the Kuhn-Mark-Sakurada-

Houwink equation[61] 

 

α=η MK][ v          (2.55) 

 

have to be known for the sample. Hereby, α is a measure for the particle form and Kv is 

mainly dependent on the swelling behavior of the sample within the used solvent. As equation 

2.54 is an empirical approach and requires calibration with standards, and as assumptions are 

made on particle conformation and swelling behavior in form of the parameters Kv and α, the 

universal calibration is a relative method for the determination of the molecular weight and 

the molecular weight distribution, even if it is often referred to as absolute. In contrast to 

viscosimetry, static light scattering is an absolute method for the determination of the 

molecular weight, and, in combination with gel permeation chromatography, also allows an 

absolute determination of the molecular weight distribution. 

 

 

2.4.5 Gel Permeation Chromatography Multi Angle Light Scattering (GPC-MALS) 

 

Coupling a multi angle static (laser) light scattering (MALS) detector with a GPC setup yields 

the excess Rayleigh ratio Rex for every eluate data increment i. As Rex is dependent on both 

concentration and molecular weight of the particles, the MALS detector needs to be combined 

with a concentration detector, e.g. an RI or UV-VIS detector, which determines the 

concentration of the solute for every data increment.[75] Instead of Zimm plots, which are used 

to determine the second virial coefficient A2, the z-averaged mean square radius <rg
2>z and 

the weight-averaged molecular weight of the sample wM  from light scattering measurements 
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at different angles and concentrations, online static light scattering measurements are 

evaluated for every data increment using Debye Plots.[75] For the latter, the angular variation 

of Rex is measured for only one low concentration, consequently, only the weight-averaged 

molecular weight and mean square radius of each data increment i,wM and <rg
2>z,i are 

yielded. Commonly, up to a particle radius of 100 nm, the Zimm formalism according to 

equation 2.46 is used for this evaluation (for larger particles, a variety of other formalisms can 

be used).[75] According to the very low concentrations of the solute in the GPC eluate, in most 

cases, A2 can be assumed as 0. If this is not the case, A2 can be determined from Zimm plots 

and the term A2c is considered in the Debye plot of each data increment.[75] 

From the excess Rayleigh ratio, its angular dependency and the concentration of each data 

increment Rex,i(θ) and ci, the weight-averaged molecular weight and the z-averaged mean 

square radius of the sample wM  and <rg
2>z can be calculated according to 
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If GPC yields good separation, according to the small interval of each data increment, each 

fraction can be assumed as (nearly) molecularly uniform, i.e. i,wi MM = , and using equations 

2.33 and 2.50, absolute values for the number-averaged molecular weight nM  and the 

polydispersity index PDI can be obtained. However, as good separation needs to be assumed, 

it should be noted that obtained values are generally more accurate for wM than for nM .  

Nevertheless, in case of good separation, the PDI values yielded for narrow-disperse systems 

are more precise than those obtained by conventional GPC, as the actual molecular weight is 

determined for each data increment and thus, axial dispersion does not affect the results. 

Additionally, from the determined radius of gyration (above 10 nm), information on 

branching and conformation of polymer samples can be extracted. Further advantages of the 

GPC-MALS technique are its insensitivity to changes of the flow rate, solvent and other 

chromatography conditions.[75]  
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2.5 Thermosensitive Behavior of Polymers 

 

Materials that drastically change their chemical or physical properties upon minor changes of 

environmental parameters, e.g. temperature, pH, incidence of light or in an electrical or 

magnetic field, are so-called stimuli-responsive. According to their versatile utilization, e.g. as 

functional components for drug delivery,[77-79] data storage[80] or in sensor applications,[81-83] 

there has been vast interest in the development of stimuli-responsive polymer systems. This 

can be attributed to the possibility to synthesize designed materials, which adjust their 

chemical and physical properties along with their environment. 

Thermally-dependent solubility is hereby one of the most studied fields, especially for 

polymeric materials. Hereby, two cases have to be considered: the lower critical solution 

temperature (LCST) represents the temperature below which a mixture is a one-phase system 

for all possible compositions; the upper critical solution temperature (UCST) accordingly the 

temperature above which a one-phase system is present (Figure 2.6).[84] In view of that, 

polymer solutions are termed to show so-called LCST or UCST behavior. The phase 

transition temperature at a given composition is hereby referred to as the cloud point, i.e. the 

lowest cloud point in the phase diagram represents the LCST, the highest the UCST. 

 

 

Figure 2.6: Phase diagram (Temperature vs Composition) with definition of LCST, UCST and cloud 

point. 
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The UCST finds large importance in petrochemistry, e.g. wax components of diesel fuel 

precipitate below a certain temperature thus clogging fuel filters. Also in case of polymers, 

the solubility in organic solvents commonly increases upon heating the solution, i.e. the 

solution can exhibit a UCST.[85] An LCST is typically observed for aqueous solutions of non-

ionic tensides such as poly(ethylene glycol) (PEG) or poly(N-iso-propyl acrylamide) 

(PNIPAM). The different behavior of these non-ionic tensides in organic and aqueous 

solution is a result of the present hydrophobic/hydrophilic and hydrogen bond interactions 

between the polymer chains and water in aqueous solution.[86] Generally, the behavior of a 

polymer chain in a given medium is a result of the interplay of polymer-polymer, polymer-

solvent and solvent-solvent interactions.[86,87] In the case of aqueous solutions, the solvent-

solvent interaction is particularly strong as indicated by its partially ordered structure,[88-94] 

and the solubility of polymer chains results from the energy gain by hydrogen bonding of the 

hydrophilic moieties with water molecules.[87,94] The existent prearrangement of the water 

molecules requires their reorientation also around nonpolar regions of the polymer chains, 

being unable to hydrogen bond with them.[87] This phenomenon, known as the hydrophobic 

effect,[88,90] results in a decreased entropy upon mixing (negative �S).[87] At higher 

temperatures, the entropy term dominates the exothermic mixing enthalpy, causing the water 

molecules bonding by hydrogen bonds to detach from the polymer, allowing associative 

contacts between the newly exposed hydrophobic monomer units.[87,95] As a consequence, the 

polymer chains, which adopt an extended coil conformation below the cloud point, collapse 

and aggregate upon heating. This is referred to as a coil-globule transition mechanism.[87] As 

characteristics of this type of thermal response, the cloud point is unaffected by the solutes 

concentration over a broad concentration range and the transition upon heating is strongly 

endothermic. As an alternative thermal response, polymer solutions can also undergo a liquid-

liquid phase separation, for which the cloud point shows a pronounced dependency on the 

polymer concentration.[96] 

In both cases, the phase transition is commonly completely reversible and the transition 

temperature can be dependent on the degree of polymerization, the polydispersity, the 

polymer architecture (linear, branched, etc.) and a variety of environmental parameters, e.g. 

pressure, pH or the salt content of the solution.[97-100] According to the influence of the 

molecular weight on their thermo-responsive behavior, thermosensitive polymers are 

classified into three types: for Type I polymers, the LCST occurs at lower concentrations with 

increasing polymer molar mass, for Type II polymers, the LCST is insensitive to the weight-

averaged molecular weight and Type III polymers display non-monotonous behavior.[86,101,102] 
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Another distinction among polymers with LCST behavior is the presence of hydrogen bond 

donors and acceptors. Polymers exhibiting both donor and acceptor functionalities, such as 

PNIPAM, often show a pronounced transition hysteresis,[103] which is commonly addressed to 

the formation of polymer-polymer inter- and intramolecular hydrogen bonds in the collapsed 

state delaying the hydration of the polymer chain during cooling.[104] Furthermore, the 

presence of hydrogen bond donors can increase the interaction of the polymer chains with 

blood proteins, hampering the application of these materials in the biomedical field by 

potentially causing an immunoresponse.[86,105] 

Since the first report on the LCST behavior of PNIPAM in 1967 by Scarpa et al.,[106] a vast 

variety of polymers exhibiting thermo-responsive behavior in aqueous solution has been 

presented. Besides a variety of poly(N,N-dialkyl acrylamides)[107-109] and PEG, the gold 

standard for biomedical applications,[86] large interest has been directed particularly      

towards poly((alkylamino) methacrylate),[110] poly(vinyl alkyl ether)s,[111] poly(N-vinylcapro-

lactam),[112] and poly(2-oxazoline)s.[86,113,114] 

For the modification of the LCST of these homopolymers, copolymerization of monomers 

with different hydrophilicity is widely adopted, however, often resulting in gradient 

copolymers, which tend to assemble into complex nanostructures[115] or micelles and therefore 

exhibit a prolonged or irreversible phase transition.[96,114-117] As a consequence, further 

development of alternative thermoresponsive polymers, which combine biocompatibility, 

thermoresponsiveness with little dependency on environmental parameters, a reversible phase 

transition without hysteresis, and the possibility to synthesize random instead of gradient 

copolymers, is of substantial importance. 
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“The true delight is in the finding out rather than in the knowing.” 
 

- Isaac Asimov (1919-1992) 
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The majority of produced polymeric materials is based on a few commodity polymers only; 

however, the need for new materials with designed properties has been a main driving force in 

recent polymer research. Coordination polymerization of functional monomers enables a 

precise adjustment of the polymer structure and thus of the material properties, making this 

approach a very promising option for the production of tailor-made functional materials. 

Hereby, organo-rare earth metal compounds facilitate the polymerization of a broad variety of 

monomers following different polymerization mechanisms, which can be combined in a living 

fashion, making these catalysts versatile tools for the synthesis of functional high value 

polymers.[1-5] 

Rare earth metal-mediated group transfer polymerization (REM-GTP) of polar-modified 

olefins combines the advantages of living ionic and coordination polymerizations and is thus 

predestined for the synthesis of designed functional materials. However, according to the 

restricted utilization for (meth)acrylic monomers only, the interest in REM-GTP has 

continuously decreased in the first decade of the 21st century. Nevertheless, recent 

publications have shown the suitability of REM-GTP to a variety of other monomer classes, 

particularly poly(vinylphosphonate)s, a material class which is not satisfactorily accessible 

via other polymerization methods.[6-8] 

Initial investigations on rare earth metal-mediated vinylphosphonate polymerization have 

proven the livingness of polymerization and suggest a GTP mechanism taking place.[7] 

Especially concerning the initiation mechanism, typical characteristics of (meth)acrylate 

REM-GTP were found to be strongly altered for its application to vinylphosphonates. In view 

of that, complexes with low initiator efficiency and activity for MMA polymerization, i.e. 

Cp2LnCl or Cp3Ln, were found to exhibit largely increased efficacy for dialkyl 

vinylphosphonate (DAVP) polymerization.[7,8] On the contrary, traditionally used strongly 

basic carbanion initiators, e.g. methyl complexes, did exhibit decreased initiator efficiency 

with first investigations pointing towards an unusual initiation through deprotonation of 

coordinated DAVP.[8] Accordingly, initiation of REM-GTP was proposed to commonly 

follow two different types of initiation, either via nucleophilic transfer to or via deprotonation 

of a coordinated monomer (Scheme 3.1).  

 

 

Scheme 3.1: Possible initiation reactions for rare earth metal-mediated vinylphosphonate 

polymerizations. 
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In case of coordinative-anionic polymerizations, it is well-established that the metal center 

has to remain easily accessible in order to ensure high activities.[4] The initial studies on 

vinylphosphonate REM-GTP question the general applicability of this concept, as only the 

sterically more crowded complexes of the small, late lanthanides were able to polymerize 

vinylphosphonates.[8] Accordingly, also a deeper understanding of the factors influencing the 

propagation rate of REM-GTP is necessary. However, kinetic analysis of vinylphosphonate 

REM-GTP was found to be hampered by a very fast propagation with a comparatively slow 

initiation. In view of that, both the synthesis of catalysts exhibiting lower activity and faster 

initiation, as well as a (differential) method for the kinetic analysis of living polymerizations 

with comparable initiation and propagation rates needed to be developed. 

In summary, in order to expand the efficient utilization of REM-GTP towards a broader scope 

of monomers, a deeper understanding of the underlying initiation and propagation mechanism 

is inevitable. Therefore, it was a major scope of this thesis to conduct detailed mechanistic 

studies in order to verify the origin of unexpected monomer polymerization behavior and to 

allow a prediction of this behavior for other monomers of interest. On this basis, the range of 

applicable monomers should be broadened to a variety of polar functionalities which have not 

yet been tested for REM-GTP. This includes functionalities which undergo metal-N- or metal-

S-coordination (instead of metal-O) such as pyridine, thiophene, imidazole and oxazoline as 

well as nitrogen-, sulfur- and phosphorus-centered moieties (Figure 3.1). Monomers suitable 

for REM-GTP need to show Michael acceptor-type behavior and a sufficient π-overlap of the 

double bonds in an S-cis conformation.[4] Based on the mechanistic studies carried out on 

vinylphosphonate polymerization, for monomers found non-polymerizable by means of 

REM-GTP, an evaluation should be performed whether limitations occur according to an 

unfeasible initiation or propagation or as a result of readily occurring termination reactions 

(e.g. as observed for methyl acrylate[9,10]). 

 

 

Figure 3.1: Structures of functional monomers with potential suitability for REM-GTP. 
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On basis of the knowledge developed by the use of new monomer classes and the mechanistic 

conclusions drawn, a systematic improvement of the applied catalysts should be performed, 

both regarding their initiator efficiency and activity. Particularly, this includes the 

development of new, preferably enolic initiators with versatile applicability to a broad range 

of monomer classes, ensuring an efficient initiation also for α-acidic monomers such as 

vinylphosphonates. In view of that, investigation of versatile complex synthesis routes in 

order to allow an easy and sophisticated modification of the catalyst properties is required. As 

another prerequisite, the newly developed initiators should enable a versatile end group 

functionalization, particularly leading towards the development of a surface-initiated group 

transfer polymerization (SI-GTP) mediated by rare earth metal catalysts (Scheme 3.2). A 

sophisticated SI-GTP should permit the perfect decoration of surfaces with stable, covalently 

bound coatings of specific functionality.  

 

 

Scheme 3.2: Possible route for the development of a surface-initiated group transfer polymerization 

(SI-GTP) via prior rare earth metal catalyst immobilization and subsequent polymerization of 

Michael acceptor-type monomers. 

 

Polymer-analogous transformations of the introduced new functionalities, e.g. saponification 

of poly(vinylphosphonate)s to poly(vinylphosphonic acid) (PVPA), opens the access to an 

even broader scope of functional materials accessible by REM-GTP and should therefore be 

evaluated. Furthermore, the properties of these new materials, e.g. the flame retardant effect 
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of poly(vinylphosphonate)s or the previously described thermosensitivity of aqueous 

poly(diethyl vinylphosphonate) (PDEVP) solutions,[8,11] should be studied in detail. 

In summary, the main scope of this thesis is to develop a deeper mechanistic understanding of 

REM-GTP in order to enable an expansion of REM-GTP onto the vast variety of Michael-

acceptor-type monomers. In combination with macromolecular organization and self-

assembly principles, an expanded REM-GTP should open the access to a wide range of new 

functional materials. The establishment of a surface-initiated REM-GTP would allow the 

decoration of surfaces with high-value functional materials in form of dense and stable, 

covalently bound coatings. 
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Content: 

This chapter presents the progress in rare earth metal-mediated group transfer polymerization 

of vinylphosphonates, which has been made at the beginning of and prior to this work. 

Particularly, this includes a detailed overview of previous work on vinylphosphonate 

polymerization by radical and classical anionic methods, a short introduction to REM-GTP, a 

summary of initial vinylphosphonate REM-GTP investigations between 2007 and 2010 as 

well as the presentation of early stage catalyst optimization and of a surface-initiated group 

transfer polymerization, which have both been developed at the beginning of this work and 

will be described in more detail in chapters 5 and 6.  

The main scope of this chapter is to highlight the large potential of rare earth metal-mediated 

vinylphosphonate polymerization and to show its advantages in comparison to radical and 

classical anionic approaches. In particular, late lanthanide metallocenes proved to be efficient 

initiators and highly active catalyst for vinylphosphonate polymerization, yielding polymers 

of defined molecular weight and low polydispersity. Evidence will be presented for a living-

type polymerization character and a GTP mechanism taking place. A summary on methods 

for the conversion of poly(vinylphosphonate)s to poly(vinylphosphonic acid) will be shown, 

which open the access to well-defined high molecular weight PVPA with narrow chain length 

distribution. 
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  List of Abbreviations 

 bdsa,  bis (dimethylsilyl)amide, N(SiHMe 2 ) 2 ; btsa, 

 bis (trimethylsilyl)amide, N(SiMe 3 ) 2 ; DEMVP, diethyl 

1-methylvinylphosphonate; DEVP, diethyl vinylphospho-

nate; DIVP, diisopropyl vinylphosphonate; DMAA,  N , N -

dimethyl acrylamide; DMVP, dimethyl vinylphosphonate; 

DPE, 1,1-diphenylethylene; DPVP, di- n- propyl vinylphos-

phonate; EGDM, ethylene glycol dimethacrylate; GTP, group 

transfer polymerization;  I  ∗   , initiator effi ciency; MALS, multi 

angle (static) light scattering; MMA, methyl methacrylate; 

PDI, polydispersity index; SAM, self-assembled monolayer; 

SI-GTP, surface-initiated group transfer polymerization; 

SIPGP, self-initiated photografting and photopolymeriza-

tion; SKA-GTP, silyl ketene acetal-initiated group transfer 

polymerization; TMSPM, 3–(trimethoxysilyl)propyl meth-

acrylate; VPA, vinylphosphonic acid.   

 1. Introduction 

 Within the last decades, polymeric materials have gained 

an indisputable dominance for an enormous range of appli-

cations and, nowadays, their use is by no means limited to 

packaging materials. Due to their broad spectrum of prop-

erties, synthetic polymers increasingly substitute classic 

raw materials such as wood, glass, ceramics, or metals and 

owing to their nearly limitless possibilities even open new 

fi elds of applications. Thus, without polymeric materials, 

our modern society is hard to imagine. Their versatility 

leads to an enormous increase per annum of polymer pro-

duction and since the end of the 1980s the production of 

polymeric materials exceeds, by volume, crude steel pro-

duction. [  1  ]  Using the classic defi nition to divide history by 

the predominantly used raw material, we have therefore 

entered the age of polymers. 

 Even though the majority of produced polymeric mate-

rials are based on only a few commodity polymers, the 

need for new materials with designed properties has 

driven polymer research in recent years. The necessity of 

such specialty polymers ranges from high-performance 

materials for aerospace applications and medical 

 Recent studies have shown that poly(vinylphosphonate)s are readily accessible by rare earth 
metal-mediated group transfer polymerization (GTP). This article highlights the progress in 
this new fi eld and advantages of GTP in comparison to classical anionic and radical poly-
merization approaches. Late lanthanide metallocenes proved 
to be effi cient initiators and highly active catalysts for vinyl-
phosphonate polymerization yielding polymers of precise 
molecular weight and low polydispersity. Using this method, 
our group has developed a surface-initiated GTP to prepare 
poly(vinylphosphonate) brushes. In combination with dif-
ferent ester cleavage strategies, rare earth metal-mediated 
GTP is an effi cient way to create well-defi ned high-molecular-
weight poly(vinylphosphonic acid).    
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chemistry to new energy technologies (e.g., proton-

 conducting membranes in fuel cells or bulk heterojunc-

tion solar cells). [  2  ]  

 Of these designed materials, polymers comprising het-

eroatoms have attracted great interest during the last dec-

ades and are increasingly becoming a focus of research 

activities. The number of available functionalities tai-

lored by the introduction of heteroatoms is vast and, in 

combination with macromolecular organization and 

self-assembly principles, a wide range of new functional 

materials are accessible. 

 Phosphorus-containing polymers, especially those 

comprising phosphonate moieties, are particularly attrac-

tive due to their halogen-free fl ame retardant and proton-

conducting properties as well as their commercial appli-

cation as binders in dental or bone concrete. [  3  ]  Because of 

the biocompatibility and low toxicity of these polymers, 

much attention has recently been directed toward their 

use in biomedical fi elds, with applications as diverse as 

non-fouling coatings, tissue engineering, drug delivery 

systems, and cell proliferation surfaces. [  4  ]  

 Within this class of phosphorus-containing polymers, 

poly(vinylphosphonic acid) (PVPA) and its derivatives 

(Figure  1 ) have been intensively studied. However, a well-

controlled polymerization of vinylphosphonates is hard 

to establish, as radical and anionic synthesis routes often 

only lead to incomplete conversion of the monomers and 

provide materials with low molecular weights. Recently, 

our group reported that poly(vinylphosphonate)s with 

high molar mass and low polydispersity can be effi ciently 

prepared in the presence of rare earth metal-containing 

catalysts following a group transfer polymerization (GTP) 

mechanism. [  5  ]   

 This article highlights the progress in rare earth metal-

mediated GTP of vinylphosphonates and shows advan-

tages of this method in comparison to classical anionic 

and radical vinylphosphonate polymerizations. It pro-

vides insight into early stage catalyst optimization and 

presents a new possibility for surface modifi cation—sur-

face-initiated group-transfer polymerization (SI-GTP). A 

short introduction to vinylphosphonate polymerization 

and rare earth metal-mediated GTP will be given. The 

latter is also referred to as coordinative-anionic addition- 

or repeated conjugate addition polymerization. To avoid 

confusion, polymerizations initiated by Grignard rea-

gents, alkali- or aluminum organyls will be referred to as 

classical anionic polymerization. [  6  ]  

   2. Radical and Classical Anionic 
Vinylphosphonate Polymerization 

 For clarity, the scope of this article is to show the advan-

tages of rare earth metal-mediated GTP of vinylphos-

phonates in comparison to classic anionic or radical 

approaches; for a detailed overview on both synthesis 

and application of PVPA and its derivatives, for example, 

poly(vinylphosphonate)s, the reader is directed towards a 

recent review by Macarie and Ilia. [  4d  ]  

 Preparative routes for the synthesis of vinylphospho-

nates have been known since the late 1940s, with the fi rst 

radical polymerization experiments reported shortly after. 

However, these polymerizations were either unsuccessful 

or afforded insuffi ciently characterized, oligomeric mate-

rials. [  7  ]  Later attempts confi rmed independently the poor 

polymerizability of vinylphosphonates by radical means, 

which failed to yield high-molecular-weight polymers, 
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     Figure  1 .     Structure of poly(vinylphosphonic acid) (PVPA) (left) 
and its derivatives, poly(vinylphosphonate) (center) and 
poly(vinylphosphonoxide) (right).  
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bone and dental concrete. [  3m–n  ,  4d  ,  11  ]  

However, the products obtained are 

very ill defi ned, with low-to-mod-

erate molecular weight ( < 62 kg mol  − 1 ), 

irregular chain structure, and broad 

polydispersities. [  3e  ,  4d  ,  8c  ]  

 Anionic polymerizations of vinylphos-

phonic esters are generally more suc-

cessful than any method involving radi-

cals, but are still by no means trivial. First attempts in the 

early 1960s, using lithium and aluminium alkyls as initia-

tors only provided oligomeric materials. [  7f  ]  Some improve-

ments were made in the 1970s, however, obtaining poorly 

characterized polymeric material. [  12  ]  After these very few 

publications, the topic was then abandoned for many 

years until in 1988 Gopalkrishnan reported on success-

fully performed anionic polymerizations of vinylphos-

phonates. [  13  ]  This work was disregarded until 2008, when 

Parvole and Jannasch grafted poly(diethyl vinylphos-

phonate) (PDEVP) onto polysulfones by activation with 

butyllithium and 1,1-diphenylethylene (DPE) and tested 

the resulting copolymers for their application as highly 

proton conducting membranes for fuel cells. [  3g  ]  

 The usage of DPE as coinitiator proved to be essential, 

as demonstrated by poor polymerization results in the 

works of Leute and Bingöl in 2007 (without usage of DPE). 

While Bingöl stated that anionic polymerization of vinyl-

phosphonic esters was impossible, Leute could isolate 

oligomeric materials, obtaining best results by polym-

erization in toluene using n- or sec-BuLi as initiator. [  3e  ,  11  ]  

Similar to the results of radical polymerizations, an initia-

tion by abstraction of the acidic  α -CH was observed to be 

competing with an initiation by nucleophilic addition to 

the double bond (Scheme  2 a and b). [  11  ]   

 In 2009, Jannasch and co-workers reported a method 

to produce polystyrene-poly(diethyl vinylphospho-

nate) (PS-PDEVP) block copolymers by sequential ani-

onic polymerization of styrene and DEVP. [  3i  ]  Again, DPE 

was used to reduce the reactivity and nucleophilicity of 

the polystyrene-macroinitiator anion before the second 

monomer was added. Without DPE, nei-

ther copolymerization with styrene nor 

effi cient homopolymerization of DEVP 

was possible. [  3i  ]  In the same year, Meyer 

and co-workers independently made 

identical observations for the poly-

merization of dimethyl and diisopropyl 

vinylphosphonate. [  3j]    

 These results are in line with the 

general reactivity of DPE, which is 

commonly used as a coinitiator for ani-

onic (meth)acrylate polymerizations. [  14  ]  

Jannasch and co-workers conclude that 

DPE suppresses a nucleophilic attack 

produced many side products and exhibited incomplete 

conversion of the monomer. [  8  ]  In 2008, Hirano and co-

workers achieved quantitative conversion of dimethyl 

vinylphosphonate (DMVP) in bulk with dicumyl peroxide 

at 130  ° C, however, only low-molecular-weight polymers 

(  M   n   <  3.5 kg mol  − 1 ) were afforded. [  9  ]  

 ESI MS end-group analysis of vinylphosphonate oli-

gomers, synthesized radically with different initiators, 

revealed that the initiation proceeds via chain transfer 

from initiator to monomer (hydrogen abstraction). [  10  ]  The 

underlying stability of the activated monomer radical 

and the readily occurring radical abstraction of the  α -CH 

and side chain protons lead to rapid transfer reactions 

dominating the chain growth. [  10  ,  11  ]  The intramolecular 

hydrogen transfer from side group protons to the back-

bone radical leads to thermally labile P–O–C bonds in the 

main chain (Scheme  1 ), the cleavage of which inhibits 

the formation of higher-molecular-weight polymers as 

observed by ESI MS analysis. [  10  ]  The reaction of initiator 

radicals with, as well as transfer reactions to the side 

chains may lead to a local increase of the radical concen-

tration along the polymer chain. This facilitates recom-

bination reactions, explaining the slow rate and the low 

observed yields of both free and controlled radical vinyl-

phosphonate polymerization. [  4d  ,  11  ]   

 An exception to these poor polymerization results is the 

synthesis of PVPA, which can be obtained either by free-

radical polymerization of vinylphosphonic acid dichloride 

and its subsequent hydrolysis or directly from vinylphos-

phonic acid. Therefore, this is the only product, which 

has commercial applications, for example as binders in 

     Scheme  1 .     Intramolecular hydrogen transfer from the backbone to the side chain with 
formation of thermally labile P–O–C bonds during radical polymerization of diisopropyl 
vinylphosphonate (DIVP) (R  =  polymer chain).  

     Scheme  2 .     Possible reactions of a vinylphosphonate with a nucleophile: a) abstraction 
of the acidic  α -CH, b) nucleophilic addition at the double bond, c) nucleophilic addition 
at the phosphorus and subsequent elimination of an alkoxy group.  
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of DMVP at –78  ° C, in comparison to 

59%  meso -dyads for PDMVP obtained by 

free-radical polymerization. [  15  ,  16  ]  

 However, control of polymer tacticity 

is essential for optimizing mechanical 

properties, controlling phase separation 

in copolymers and polymer blends or other material prop-

erties such as proton conductivity. [  3j  ]  In the case of PVPA, 

this proton conductivity may be affected by association 

of the phosphonic acid moieties via hydrogen bonds or 

anhydride formation at elevated temperatures, which in 

turn depend on chain tacticity and molecular weight. [  3j  ]  

In order to investigate these infl uences and optimize 

the material properties, the synthesis of PVPA and 

poly(vinylphosphonate)s of defi ned molecular weight, 

narrow polydispersity, and tuneable tacticity is required. 

Thus, further development of suitable polymerization 

techniques for vinylphosphonates is necessary. 

 Motivated by this necessity, our group investigated the 

suitability of rare earth metal compounds for a catalytic 

polymerization of vinylphosphonate esters. Our research 

was inspired by the structural and electronic similarity 

of vinylphosphonates to (meth)acrylates (Scheme  3 ), for 

which a rare earth metal-mediated GTP is well estab-

lished, combining high activity and control of polymer 

tacticity with a living-type polymerization. [  6  ]   

   3. Rare Earth Metal-Mediated GTP 

 At this point, a brief introduction to GTP will be given, con-

sidering mechanisms, presenting selected catalyst systems 

and clarifying the terminology of catalyst versus initiator. 

For a detailed overview of both silyl ketene acetal-initiated 

GTP (SKA-GTP) and transition metal-mediated, coordi-

native-anionic addition polymerizations, i.e., transition 

metal-mediated GTPs, numerous comprehensive reviews 

can be recommended. [  6  ,  17  ]  

 In the mid 1970s, DuPont investigated classical anionic 

polymerization of methacrylates at –80  ° C, but due to the 

high cost of refrigeration the project was abandoned. [  17d  ,  18  ]  

Searching for an alternative process 

operable at higher temperatures, 

DuPont started that the develop-

ment of a trimethylsilyl ketene acetal-

initiated polymerization catalyzed by 

nucleophilic anions. [  17d  ,  19  ]  At the time, 

it was proposed that the trimethylsilyl 

group was transferring to a monomer 

as it was adding to the growing polymer 

chain end (Scheme  4 a), and therefore 

the new process was named GTP. [  19  ]  

Although based on the evidence avail-

able this associative mechanism is very 

of the initiator at the phosphorus atom of DEVP, which 

would result in a substitution reaction and therefore lead 

to either chain transfer or termination (Scheme  2 c). [  3i  ]  The 

higher stability of the DPE anion may also inhibit depro-

tonation of the acidic  α -CH as observed by Leute. [  11  ]  An 

addition of DPE is not necessary if the initiating species 

is not reactive enough to undergo the described side reac-

tions, as observed by Jannasch and co-workers in 2010 for 

a benzyllithium-macroinitiator during a study for grafting 

PDEVP onto poly(phenylene oxide). [  3k  ]  

 Despite this recent success, classical anionic polymeri-

zation of vinylphosphonates still faces substantial limi-

tations. To date, using this method, no polymers with a 

molecular weight (  M   n ) above 100 kg mol  − 1  have been 

synthesized and the obtained poly(vinylphosphonate)s 

show a broad molecular weight distribution, even if poly-

merization is carried out at –78  ° C. [  3j  ,  15  ]  The broad poly-

dispersity may be attributed to a rather slow initiation, 

as even after 4 h reaction time at room temperature, the 

BuLi-DPE initiator complex was found to be co-existing 

with the growing homopolymer. [  3j  ]  

 At temperatures higher than –78  ° C, a well-controlled 

polymerization is not possible and either oligomers or poly-

meric materials with an even broader molecular weight 

distribution are obtained (PDI  >  3). [  11  ,  15  ]  The rate of polym-

erization was not exactly determined, but, as indicated by 

long reaction times until full monomer conversion, this 

must be quite low. This may be attributed to a resonance 

stabilization of the anionic chain end by the phosphonate 

moiety, decreasing the chain end reactivity. [  11  ]  

 Furthermore, the control of stereoregularity using clas-

sical anionic polymerization techniques is limited and 

only possible at very low temperatures. Only minor success 

was achieved by Kawauchi et al. raising the isotacticity 

to 67%  meso -dyads by  t -BuLi-initiated polymerization 

     Scheme  3 .     Structural and electronic similarity of vinylphosphonates and (meth)acrylates.  

     Scheme  4 .     a) Associative and b) dissociative mechanism of silyl ketene acetal-mediated 
group transfer polymerization (SKA-GTP) of MMA (R  =  polymer chain).  
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it serves both as an initiator and as a 

catalyst (in contrast to SKA-GTP, where a 

nucleophile is added as a catalyst). [  6  ,  17d  ]  

However, catalytic polymerizations are 

defi ned by exhibiting turn over numbers, 

TONs, for both monomer conversion and 

polymer chain production, that means, 

a polymerization catalyst must produce 

more than one polymer chain. [  6  ]  There-

fore, living polymerizations, for example, 

GTP, are per se not catalytic. To overcome 

this terminology confl ict, according to 

previous literature, this article uses the 

term “catalyst” only concerning the cat-

alyzed monomer addition. [  6  ]  

 The works of Collins, Ward, and Yasuda et al. indicate the 

start of a paradigm shift in early transition metal polymer-

ization catalysis of polar, heteroatom-functionalized vinyl 

monomers. Instead of protection of the functional group 

and introduction of high steric constraints at the active 

site — to ensure monomer–metal coordination via the 

double bond following a migratory insertion polymeriza-

tion mechanism — the metal center remains easily acces-

sible and the coordination occurs via the heteroatom. [  6  ,  21  ]  

 Rare earth metal-mediated GTP follows a monometallic 

propagation mechanism via an eight-membered ring inter-

mediate, through which the catalyst is transferred to the 

functional group of the added monomer (Scheme  5 a). [  6  ,  17e–h  ]  

Hereby, the catalyst both stabilizes the growing chain end 

and activates the coordinated monomer. Catalysis by Group 

4-based compounds either follows this monometallic or 

a bimetallic mechanism, for which alternating one metal 

center bears the growing chain end, while the other acti-

vates the monomer (Scheme  5 b). [  6  ]  The stabilization of the 

growing chain end and activation of the monomer decrease 

side reactions such as chain transfer or termination, 

allowing a well-controlled polymerization even at higher 

temperatures. For these reasons, coordina-

tive-anionic addition polymerization can 

provide much higher activity in compar-

ison to other living polymerizations and 

simultaneously yield well-defi ned mate-

rials with narrow polydispersity. [  6  ]  

 The coordination of the catalyst on 

the growing chain end allows stereospe-

cifi c polymerization and activity optimi-

zation by variation of the metal center 

and the catalyst ligand sphere. [  6  ,  17e–h  ]  

The number of described catalyst sys-

tems is extremely large, some explicit 

catalysts for stereospecifi c rare earth 

metal-mediated GTP of MMA are sum-

marized in Figure  2 . [  6  ]  Besides GTP, rare 

earth metal complexes are widely used 

unlikely, the name GTP proceeded to be used in chemical 

literature. [  17d  ]  The probably occurring dissociative mecha-

nism shows that silyl ketene acetal-mediated GTP can 

also be understood as a particular form of anionic poly-

merization (Scheme  4 b). [  17d  ,  20  ]   

 In 1992, two independent communications reported on 

living polymerizations of acrylic monomers using transi-

tion metal initiators: the neutral samarocene [Cp  ∗   2 SmH] 2  

presented by Yasuda et al. as well as a two-component 

Group 4 metallocene system reported by Collins and 

Ward. [  21  ]  The reaction proceeds in both cases via repeated 

conjugate addition involving either one or two coordi-

nating metal complexes (Scheme  5 a and b). [  6  ,  17e–h  ,  21  ]  This 

type of polymerization is known as coordinative-anionic 

addition polymerization and due to its similarity to SKA-

GTP, it is also referred to as transition metal-mediated GTP.  

 The initiation of this type of polymerization usually 

occurs via transfer of a nucleophilic ligand from the metal 

complex to a coordinated monomer (this is not the case for 

divalent lanthanide complexes, where redox initiation takes 

place). [  6  ]  As the metal complex also activates the mono-

mers and therefore catalyzes the propagation reaction, 

     Scheme  5 .     a) Monometallic and b) bimetallic chain propagation for transition metal-
mediated group transfer polymerization (R  =  polymer chain).  

     Figure  2 .     Selected catalysts for a) syndio- and b) isospecifi c rare earth metal-mediated 
group transfer polymerization of MMA.  
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the oxygen atom of the phosphonate moiety, not via the 

double bond (Scheme  7 ). [  24  ]  Therefore, a GTP mechanism 

was proposed to take place. [  11  ,  24  ]    

 In a later study, the same type of complexes (Scheme  6 ) 

was used for the synthesis of PDEVP, which is signifi cantly 

more soluble in toluene and THF than PDMVP. [  25  ]  Using the 

readily available  tris (alkyl) compound Y(CH 2 SiMe 3 ) 3 (THF) 2  

( 1 ), as well as the  tris (phosphanide) complexes 

Ln(P(SiMe 3 ) 2 ) 3 (THF) 2  (Ln  =  Nd, Tm;  3a, 3b ), only DEVP oli-

gomers could be obtained in form of viscous oils. The 

 tris (amides) Ln(btsa) 3  (Ln  =  La, Nd, Sm;  4a–c ), in contrast, 

were found to yield solid, colorless materials; however, 

all these catalysts lead to incomplete conversion of the 

monomer. [  25  ]  

 Reducing the steric demand of the amide by using 

the bdsa- instead of the very bulky btsa-ligand 

(Ln(bdsa) 3 (THF) 2 , Ln  =  La, Nd, Sm;  2b-d ), PDEVP could 

be obtained in more than 80% yield in toluene solu-

tion. [  25  ]  Careful NMR spectroscopic microstructure anal-

ysis revealed that, using the corresponding Sm and Nd 

complexes ( 2c  and  2d ), poly(vinylphosphonate)s with 

unprecedented isotacticity were obtained ( m   =  95%, 

 mm   =  79%). [  25  ]  This evidence for a strong coordination 

of the phosphonate at the rare earth metal complex 

for olefi n, diene, and (syndiospecifi c) 

styrene migratory-insertion polymeriza-

tions as well as for living ring-opening 

polymerizations of lactones, lactides, 

cyclic ethers, and carbonates. [  17e–h  ,  22  ]  

Using a one-directional mechanistic 

crossover, these different polymeriza-

tion methods can be combined in a 

living fashion, further increasing the 

versatility of organo-rare earth metal 

compounds for the synthesis of func-

tional high value polymers. [  6  ]   

 The sensitivity of Group 3 and Group 

4 complexes to water and other protic 

impurities is the major disadvantage 

of this type of polymerization. However, classical anionic 

and early transition metal migratory insertion polymeri-

zations face the same limitations. 

 On both SKA- as well as transition metal-mediated 

GTP, intensive research has been carried out over the past 

decades, optimizing reaction conditions, initiator effi -

ciency, and control over stereoregularity, on the use of 

different metals, as well as on their implementation to a 

broad variety of monomers, for example, different (meth)

acrylates and (meth)acrylamides. [  6  ,  17  ]  However, Hertler 

showed in 1991, that SKA-GTP of vinylphosphonates 

is not possible, and subsequent SKA-GTP of MMA and 

DEVP lead to end-capping of PMMA chains by exactly one 

phosphonate monomer. [  23  ]  To date, there are no reports 

on successfully performed coordinative-anionic addition 

polymerizations of vinylphosphonates applying any other 

metals than rare earth elements. 

   4. Rare Earth Metal-Mediated GTP 
of Vinylphosphonates 

  4.1. First Examination of Rare Earth Metal 

Complexes for Vinylphosphonate Polymerization 

 In 2007, our group reported on catalytic polymerizations 

of dialkyl vinylphosphonates (alkyl  =  methyl, isopropyl) 

using rare earth metal complexes comprising monoden-

tate  σ -donor ligands (Scheme  6 , complex  1, 2a-d ). [  11  ,  24  ]  

Hereby, the diisopropyl monomer could only be oligomer-

ized, while polymerization of the dimethyl monomer was 

limited by the poor solubility of poly(dimethyl vinylphos-

phonate) (PDMVP) in suitable solvents, such as THF or tol-

uene, which inhibited the formation of higher molecular 

weight polymers. Using the hardly active Y(bdsa) 3 (THF) 2  

complex ( 2a ), exchange of the THF ligands by DMVP was 

observed.  1 H and  31 P NMR spectroscopic data revealed that 

both DMVP ligands coordinate in the  trans  position via 

     Scheme  6 .     First rare earth metal complexes for catalytic polymerization of vinylphos-
phonates by Leute ( 1 ), Dengler ( 1, 2a-d ) and Rabe et al. ( 1, 2a-d, 3a, 3b, 4a-c ).  

     Scheme  7 .     Exchange of THF at Y(bdsa) 3 (THF) 2  by addition of dime-
thyl or diethyl vinylphosphonate (DMVP or DEVP, respectively) as 
observed by  1 H and  31 P NMR spectroscopic measurements.  

Macromol. Rapid Commun. 2012,  33,  1327−1345

© 2012  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

 



Chapter 4   

63 

Macromolecular
Rapid CommunicationsRare Earth Metal-Mediated Group Transfer Polymerization . . .

www.mrc-journal.de

 

www.MaterialsViews.com 1333

indicates that polymerization does not follow a classical 

anionic-, but rather a coordinative-anionic (i.e., a GTP) 

mechanism. Similarly to our results, Y(bdsa) 3 (THF) 2  ( 2a ) 

was found to not initiate DEVP polymerization, but to 

form Y(bdsa) 3 (DEVP) 2 , as confi rmed by  1 H and  31 P NMR 

spectroscopies (Scheme  7 ). However, single-crystalline 

material for structural analysis could not be obtained. [  25  ]  

 These fi ndings have shown that rare earth metal com-

plexes are principally feasible for poly(vinylphosphonate) 

synthesis, allowing polymerization in a stereospecifi c 

manner. [  11  ,  24  ,  25  ]  Fairly high molecular weights can be 

achieved, if the right combination of rare earth cation and 

ancillary ligands is used. However, the activity of com-

plexes with monodentate  σ -donor ligands is still quite 

low, and the observed polydispersities are very broad 

(PDI  >  3), indicating either a non-uniform, that is, slow, 

initiation or an initiation by more than one of the  σ -donor 

ligands. [  11  ,  24  ,  25  ]  It could not be shown if polymerization 

with the described catalysts proceeds in a living fashion, 

which is an essential observation to support the assump-

tion of a GTP mechanism. 

 Our group carried out further investigations on the vari-

ation of rare earth cation and coordination sphere to opti-

mize both initiator effi ciency as well as the activity of the 

applied complexes and to prove whether rare earth metal-

mediated polymerization of vinylphosphonates exhibits a 

living character or not. 

   4.2. Vinylphosphonate Polymerizations catalyzed 

by Late Lanthanide Metallocenes 

 In 2010, we reported on the fi rst use of late lanthanide metal-

locenes for vinylphosphonate polymerization (Figure  3 ). [  5a  ,  26  ]  

We initially tested a series of  bis (cyclopentadienyl) chloride 

complexes for polymerization of diethyl vinylphospho-

nate and obtained polymers with high molecular weight 

(  M   w ) up to 1000 kg mol  − 1  (Table  1 ). [  26  ]  Complete conversion 

was achieved at room temperature within 1 h for metals 

in the series Lu-Er ( 5a-d ), with a distinct initiation period 

and subsequent fast polymerization, showing increasing 

rate of conversion with decreasing radius of the metal 

center (Figure  4 a). [  5a  ,  26  ]  These fi ndings are in contrast to 

methyl methacrylate (MMA) polymerization, for which 

 bis (cyclopentadienyl) rare earth metal chloride complexes 

display only very limited activity (TOF up to 7 h  − 1 ). [  6  ,  27  ]     

 However, the obtained molec-

ular weights were not consistent 

with the initial monomer to cata-

lyst ratio, as expected for a living-

type polymerization. [  5a  ,  26  ]  In fact, the 

molecular weights observed were 

much higher, indicating low initiator 

effi ciency (Table  1 ). Yet, for the fi rst 

time, poly(vinylphosphonate)s with 

high molecular weight (above 100 kg mol  − 1 ) and narrow 

molecular weight distribution (PDI  =  1.10–1.30) could be 

obtained, as observed by absolute determination via GPC-

MALS. [  26  ]  

 By raising the polymerization temperature to 70  ° C, 

complete monomer conversion within 1 h could also be 

achieved for the earlier lanthanides Ho, Dy, and Tb. Fur-

thermore, the corresponding initiator effi ciencies are 

signifi cantly higher than for polymerizations conducted 

at room temperature (Table  1 ). [  26  ]  A more detailed study 

using the Cp 2 YbCl complex ( 5b ) revealed that the initia-

tion can be signifi cantly accelerated by higher polymeriza-

tion temperature, but surprisingly, the molecular weight 

of the product was not affected by the initial monomer to 

catalyst ratio (Table  2 ). [  5a  ]  Similar results were obtained for 

the amido complex Cp 2 Lu(bdsa)(THF) ( 6 ) (Table  2 , Entries 

10-12). [  26  ]   

   Table  1.     Polymerization of DEVP with Cp 2 LnCl (toluene,monomer-
to-catalyst ratio: 200). 

Entry Element  T  p  a)  
[ ° C]

   M   w
 b)  

[kg mol  − 1 ]
   M   n

 b)  
[kg mol  − 1 ]

PDI b)   I  ∗    c)  
[%]

Yield d)  
[%]

1 Lu 30 1000 930 1.10 3.5 93

2 Yb 30 1000 830 1.20 4.0 98

3 Tm 30 890 810 1.10 4.0 85

4 Er 30 590 460 1.30 7.1 92

5 Ho 30 840 700 1.20 - e) 43

6 Dy 30 780 670 1.20 - e) 49

7 Lu 70 470 380 1.25 8.6 99

8 Yb 70 480 370 1.30 8.9 90

9 Tm 70 400 335 1.20 9.8 98

10 Er 70 470 390 1.20 8.4 96

11 Ho 70 375 300 1.25 10.9 93

12 Dy 70 310 210 1.45 15.6 99

13 Tb 70 155 105 1.50 31.2 84

    a) Polymerization temperature;      b) determined by GPC-MALS;      c)  I  ∗     =  
 M  exp /  M   n ,  I  ∗     =  initiator effi ciency,  M  exp   =  expected molecular 
weight, based on living polymerization calculation;      d) determined 
by weighing of the components;      e) not calculated due to incom-
plete conversion.   

     Figure  3 .     Lanthanide metallocenes applied for rare earth metal-mediated group transfer 
polymerization of vinylphosphonates.  

Macromol. Rapid Commun. 2012,  33,  1327−1345

© 2012  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

 



Chapter 4   

64 

S. Salzinger and B. Rieger
Macromolecular
Rapid Communications

www.mrc-journal.de

 

www.MaterialsViews.com1334

 The combination of the observed latency time with the 

strong dependence of the temperature on the obtained 

degree of polymerization gives evidence for a slow initia-

tion process. This conclusion is supported by an observed 

increase of polydispersity during the polymerization and is 

in accordance with expectation due to the strong bonding 

of the chloride or amide ligand at the rare earth metal 

center. [  26  ]  An increase of the polymerization temperature 

facilitates the cleavage of these bonds accelerating the rate 

of initiation. The independence of the obtained molecular 

weight on the initial monomer to catalyst ratio and the 

underlying increase of the initiator effi ciency are in good 

agreement with the assumption of a slow initiation, as the 

longer reaction times necessary for full monomer conver-

sion allow more catalyst molecules to be activated. 

 Despite this slow initiation, the fast polymerization 

rate leads to the formation of polymers with low poly-

dispersity, yet in accordance with the observed low ini-

tiator effi ciencies. As a consequence of this, with both the 

chloro- and the amido-metallocenes, it was impossible to 

perform reliable kinetic studies in order to prove a living-

type polymerization. For this purpose, a catalytic system 

with a faster and simultaneous initiation is required. 

 In view of this requirement, polymerizations were per-

formed with the  bis (cyclopentadienyl) methyl species [i.e., 

Cp 2 YbMe ( 7 )], yielding polymers with mole cular weights 

which corresponded signifi cantly better to the initial 

monomer to catalyst ratio (Table  3 ). [  5a  ,  26  ]  Again, the ini-

tiator effi ciency was found to be strongly dependent on 

the polymerization temperature, reaching near complete 

   Table  3.     Polymerization of DEVP with Cp 2 YbMe in toluene. 

Entry  T  p  a)  
[ ° C]

Monomer b)     M   w
 c)  

[kg mol  − 1 ]
   M   n

 c)  
[kg mol  − 1 ]

PDI c)   I  ∗    d)  
[%]

Yield e)  
[%]

1  − 10 200 109 84 1.3 39 87

2 30 200 88 75 1.2 44 92

3 30 400 118 92 1.2 71 96

4 70 200 47 38 1.3 86 88

    a) Polymerization temperature;      b) monomer-to-catalyst ratio;   
   c) determined by GPC-MALS;      d)  I  ∗     =   M  exp /  M   n ,  I  ∗     =  initiator effi ciency, 
 M  exp   =  expected molecular weight, based on living polymerization 
calculation;      e) determined by weighing of the components.   

   Table  2.     Infl uence of temperature and monomer-to-catalyst ratio 
on the obtained molecular weight for polymerization of DEVP in 
toluene. 

Entry Catalyst  T  p  a)  
[ ° C]

Monomer b)    M   w  
[kg mol  − 1 ]

Yield c)  
[%]

1 5b 30 50 1010 d) 98

2 5b 30 100 865 d) 99

3 5b 30 200 983 d) 94

4 5b 30 400 1280 d) 97

5 5b  − 18 200  − 0

6 5b 0 200 1230 d) 98

7 5b 50 200 545 d) 91

8 5b 70 200 364 d) 75

9 5b 90 200 201 d) 58

10 6 30 200 779 e) 86

11 6 30 400 785 e) 88

12 6 70 200 432 e) 74

    a) Polymerization temperature;      b) monomer-to-catalyst ratio;   
   c) determined by weighing of the components;      d) determined by 
static light scattering in batch, using Zimm plots;      e) determined by 
GPC-MALS.   

     Figure  4 .     a) Monomer conversion for polymerization of DEVP with Cp 2 YbCl ( 5b ) at 30  ° C in C 6 D 6 , as observed by  1 H NMR spectroscopy, 
exhibiting a distinct initiation period of approx. 10 min; b) linear growth of the relative peak molecular weight upon monomer conversion 
for polymerization of DEVP with Cp 2 YbMe ( 7 ) at –10  ° C in toluene, as observed by  31 P NMR spectroscopy and GPC.  
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catalyst activation at 70  ° C ( I  ∗     =  86%, 

Table  3 , Entry 4). [  26  ]  Performing polymer-

ization of DEVP at –10  ° C using  7 , linear 

growth of the relative peak molecular 

weight  M  p  upon monomer conversion 

could be observed (Figure  4 b), as deter-

mined by GPC and  31 P NMR spectros-

copy, thus giving critical evidence for 

the hypothesis of a living-type polym-

erization, that is, a rare earth metal-

mediated GTP. [  5a  ]   

 Besides DEVP, other simple dialkyl vinylphosphonate 

monomers were tested for polymerization with late lan-

thanide metallocenes, for example, DMVP and diisopropyl 

vinylphosphonate. [  26  ]  Both monomers can be polymerized 

using rare earth metal complexes as initiators. Specifi -

cally DMVP showed high conversion rates, however, as 

described above, the limiting factor is the low solubility of 

the resulting polymer in solvents suitable for this polym-

erization technique. PDMVP precipitates almost immedi-

ately after formation from toluene (or THF) solution with 

a molecular weight (  M   w ) below 50 kg mol  − 1  (determined 

by static light scattering, using Zimm Plots). [  3j  ,  5b  ]  

 Polymerization of DIVP was found to proceed slower 

than with DMVP or DEVP, but produces materials with 

high molecular weights, which correspond better to 

the initial monomer to catalyst ratio (Table  4 ). [  26  ]  This 

may be explained by the higher steric demand of the 

side chains, hindering coordination at the active site, 

and therefore decreasing the rate of polymerization 

(in contrast to the rate of initiation, which is proposed 

to be only slightly affected). [  26  ]  Contrary to DEVP poly-

merization, in case of DIVP, the lutetium species was the 

only  bis (cyclopentadienyl) chloro complex for which a 

polymeric product could be isolated after several hours of 

polymerization time. [  26  ]  Quantitative precipitation of the 

polymer with hexane was impossible due to the increased 

solubility of PDIVP in nonpolar solvents leading to the 

observed low yields, generally between 30% and 60%. [  5b  ,  26  ]   

 Polymerization of diethyl 1–methylvinylphosphonate 

(DEMVP) was not feasible with the applied rare earth 

metal catalysts. [  24  ,  25  ,  26  ]  Mass spectrometric analysis 

revealed that not even oligomers were formed. [  26  ]  It was 

proposed that the steric repulsion DEMVP at the active 

site may either totally hinder coordination or lead to a 

conformational change in the DEMVP moiety disturbing 

the  π –overlap between the P!O and the C!C double 

bond. [  26  ,  28  ]  Similar observations were made for different 

methacrylamides, that is, those for which the steric repul-

sion of the  α -methyl with the  N –alkyl groups leads to a 

torsion of the C–C single bond thereby disturbing the 

molecules planarity (such as  N , N -dimethyl methacryla-

mide (DMAA), Figure  5 ). [  6  ,  29  ] 

     4.3. Copolymerization of Vinylphosphonates with 

Methyl Methacrylate 

 To provide further evidence for a living-type polymerization 

and to support the hypothesis of a rare earth metal-medi-

ated GTP mechanism, copolymerization studies were con-

ducted with a monomer that is acknowledged to undergo 

polymerization in a GTP fashion. For this purpose, a series 

of polymerizations of diethyl vinylphosphonate and MMA 

was performed using the rapidly initiating Cp 2 YbMe com-

plex  7 . [  5a  ,  26  ]  As described above, previous attempts of copo-

lymerization of these monomers lead only to end-capping 

of a PMMA chain by a single vinylphosphonate. [  23  ]  

 In our studies, we fi rst investigated the formation of 

block copolymers via sequential addition of the two mono-

mers. If DEVP was used as the fi rst monomer, a subsequent 

polymerization of MMA was impossible and the obtained 

polymer product was found to be PDEVP homopolymer. [  26  ]  

This was ascribed to the strong binding of phosphonates 

to the rare earth metal center inhibiting the coordination 

of an acrylic monomer at the active site. In contrast, it was 

possible to obtain MMA–DEVP copolymers in nearly quan-

titative yield by sequential monomer addition if MMA 

was used as the starting monomer (Table  5 ). [  5a  ,  26  ]  Similar 

observations were made previously for coordinative-ani-

onic block copolymerization of MMA and DMAA by an 

isoelectronic group 4 metallcenium cation, showing that 

the addition sequence is critical for two monomers with 

different binding strength to the metal center. [  30  ]   

 The formation of block copolymers was verifi ed by 

GPC and GPC-MALS analysis of both the initially formed 

   Table  4.     Polymerization of DIVP (toluene,monomer-to-catalyst 
ratio: 200, 30  ° C). 

Entry Catalyst    M   w
 a)  

[kg mol  − 1 ]
   M   n

 a)  
[kg mol  − 1 ]

PDI a)   I  ∗    b)  
[%]

Yield c)  
[%]

1 5a 350 220 1.6 17 43

2 6 80 73 1.1 49 47

3 7 89 84 1.1 46 37

    a) determined by GPC-MALS;      b)  I  ∗     =   M  exp /  M   n ,  I  ∗     =  initiator effi ciency, 
 M  exp   =  expected molecular weight, based on living polymerization 
calculation;      c) determined by weighing of the components.   

     Figure  5 .     Torsion of the C–C or C–P single bond by steric repulsion disturbing the 
planarity of the Michael system for diethyl 1-methylvinylphosphonate (DEMVP),  N , N -
dimethyl acrylamide (DMAA); in comparison to methyl methacrylate (MMA) and diethyl 
vinylphosphonate (DEVP) (from left to right).  
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PMMA block as well as of the copolymer 

(Figure  6 ). The products were found to 

exhibit narrow polydispersities, with 

molecular weights being in good agree-

ment with the initial monomer to cata-

lyst ratio (indicating high initiator effi -

ciency). [  26  ]  An increase of the molecular 

weight after addition of the second 

monomer was evident and the crossover 

to the second monomer (or respectively 

the initiator effi ciency of the (catalyst-

bound) PMMA block for DEVP polymeri-

zation) was found to be nearly quantita-

tive, as the copolymer analysis revealed 

monomodal molecular weight distri-

butions (Figure  6 ). [  26  ]  The occasional 

observation of trace amounts of homo-

PMMA (which is observed as a minor 

shoulder on the GPC elution peak) may 

be attributed to termination during 

addition of the second monomer by the residual water 

in the hygroscopic DEVP (even after drying with calcium 

hydride, subsequent distillation, and storage under argon 

atmosphere).  

 In order to prove the homogeneity of the polymer product, 

aqueous extraction experiments were carried out with the 

P(MMA 100 - b -DEVP 100 ) copolymer, as it showed appreciable 

solubility in water. [  5a  ,  26  ]  The aqueous fraction, the residue 

as well as the initial product showed the same composition, 

being in good agreement with the initial comonomer ratio, 

as observed by  1 H NMR spectroscopy (Table  5 , Figure  7 ). [  26  ]   

 A statistical copolymerization by simultaneous addition 

of MMA and DEVP to the catalyst solution could not be 

achieved. Similar to the results of DEVP–MMA sequential 

   Table  5.     Sequential copolymerization of MMA and DEVP with Cp 2 YbMe (toluene, 30  ° C). 

Entry MMA a)  DEVP b)     M   w
 c)  

[kg mol  − 1 ]
   M   n

 c)  
[kg mol  − 1 ]

PDI c)   I  ∗    d)  
[%]

MMA/
DEVP e)  

Yield f)  
[%]

1 100 – 14 12 1.1 83 – 98

2 100 100 24 22 1.2 120 1.15:1 94

3 100 – 15 13 1.2 77 – 97

4 200 200 60 52 1.1 82 n.d. g) 96

5 200 – 23 20 1.1 100 – 99

6 200 100 44 42 1.1 87 2.1:1 98

7 400 – 53 27 2.0 148 – 99

8 400 400 150 98 1.5 108 n.d. g) 99

    a) MMA-to-catalyst ratio;      b) DEVP-to-catalyst ratio;      c) determined by GPC-MALS;      d)  I  ∗     =   M  exp /  M   n ,  I  ∗     =  initiator effi ciency,  M  exp   =  expected 
molecular weight, based on living polymerization calculation;      e) MMA/DEVP ratio in polymer product, determined by  1 H NMR spectros-
copy;      f) determined by weighing of the components;      g) not determined.   

     Figure  6 .     GPC elugrams for the initial PMMA 200  block (blue) and 
the corresponding P(MMA 200 - b -DEVP 100 ) copolymer (green).  

     Figure  7 .      1 H NMR spectrum of the aqueous extract of P(MMA 100 - b -DEVP 100 ) in THF-d8, 
showing characteristic signals corresponding to both PMMA (blue) and PDEVP (green).  
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copolymerizations, only the formation of PDEVP homo-

polymers could be observed. Neither incorporation of 

MMA nor the simultaneous formation of PMMA homo-

polymers occurred. [  26  ]  Again, this was attributed to the 

strong coordination of the vinylphosphonate, and thus of 

the growing PDEVP chain at the rare earth metal. 

 It was previously proven that in case of early transi-

tion metals, mechanistic crossover is only possible in 

one direction from coordination-insertion (i.e. migratory 

insertion) to coordination-addition (i.e. coordinative-ani-

onic) polymerization and not vice versa. [  6  ]  As rare earth 

metal-mediated polymerization of MMA is known to pro-

ceed in a coordinative-anionic fashion, these results dem-

onstrate that rare earth metal-mediated vinylphospho-

nate polymerization cannot follow an insertion polymeri-

zation mechanism. [  6  ,  17e–h  ]  

 As detailed above, previous NMR spectroscopic studies 

have shown coordination of vinylphosphonates at rare earth 

cations via the oxygen of the phosphonate moiety. [  24  ,  25  ]  

The conducted copolymerization studies provide evidence 

for the pronounced strength of this interaction. In combi-

nation with the possibility of stereoregular polymeriza-

tion, these observations strongly support the hypothesis of 

a coordinative-anionic, i.e., a group transfer polymerization 

of vinylphosphonates. In addition, these copolymeriza-

tion studies have shown that it is possible to form block 

copolymer structures with a complete crossover from MMA 

to DEVP (without formation of PDEVP homopolymer), 

giving further proof for the living character of rare earth 

metal-mediated vinylphosphonate polymerization. 

   4.4. Easily Accessible Cp 3 Ln as an Effi cient Initiator 

and Highly Active Catalyst 

 Synthesis of the described chloro- or amido-metallocenes 

( 5a-g, 6 ) is facile; however, they were found to exhibit 

only a slow and non-uniform initiation, leading to low 

initiator effi ciencies, particularly for monomers with a 

fast polymerization reaction, such as DEVP. The corre-

sponding methyl complexes, in contrast, show a faster 

and more simultaneous initiation, but are challenging to 

synthesize and in many cases, were found not to be stable 

for a prolonged time, especially in solution. [  31  ]   Tris (cyclo- 

pentadienyl) rare earth metal complexes (Cp 3 Ln), on the 

other hand, are easily accessible in high yields in a one-

step reaction from the corresponding trivalent rare earth 

metal chlorides and cyclopentadienyl sodium (NaCp), and 

are structurally characterized for most of the rare earth 

metals (Ln: Ce-Lu). [  32  ]  However, these complexes have not 

been intensively studied as initiators for rare earth metal-

mediated polymerizations. 

 Recently, we reported on the use of such 

 tris (cyclopentadienyl) lanthanide complexes for vinyl-

phosphonate polymerization, allowing a precise control 

of molecular weight and molecular weight distribution 

of the polymer product. [  5b  ]  In the case of late lantha-

nides, a fast and simultaneous initiation was observed, 

as indicated by high initiator effi ciencies and remark-

ably narrow polydispersities (Table  6  and  7 ). Thus, also for 

polymerization of DEVP with Cp 3 Lu ( 8a ) at –10  ° C, a linear 

growth of the molecular weight with conversion could be 

observed, as detected by  31 P NMR spectroscopy and GPC-

MALS, proving the living character of polymerization with 

Cp 3 Ln complexes. [  5b  ]    

 The initiation for these unusual catalysts was found 

to proceed by transfer of the cyclopentadienyl ligand to a 

coordinated monomer, as observed by ESI and MALDI–ToF 

MS analysis of produced dialkyl vinylphosphonate (alkyl  =  

methyl, ethyl, isopropyl) oligomers, leading to a new and 

interesting chain-end functionalization. [  5b  ]  The possi-

bility of this transfer was attributed to the rather small 

ionic radii of late trivalent rare earth metals and the steric 

demand of the cyclopentadienyl ligands. In such sterically 

crowded Cp 3 Ln complexes, it is unlikely that all three Cp 

ligands are bound to the metal center in a  η  5 -fashion, as 

underlined by previous X-ray diffraction studies, which 

have shown that Cp 3 Lu ( 8a ) is a polymeric material in 

the solid state, in which single Cp rings form   µ  -(1,3)-Cp 

bridges between individual Cp 2 Lu moieties by  η  1 -metal 

Cp bonding. [  33  ]  

 Phosphonates, which are known to be strongly coor-

dinating, two electron donating species, were believed 

to strengthen the  η  1 -( σ )-character of the metal-Cp bond, 

thus allowing a nucleophilic transfer to a coordinated 

monomer (Scheme  8 ). [  5b  ]  This conclusion is supported 

by studies from Evans and co-workers with sterically 

crowded  tris (pentamethylcyclopentadienyl) lanthanide 

complexes (Cp  ∗   3 Ln, Ln  =  La, Ce, Pr, Nd, Sm), for which an 

equilibrium between  η  5 -and  η  1 -Cp  ∗   metal bonding was 

observed. [  34  ]   

 The larger metal radii of lighter rare earth metals result 

in sterically less crowded trivalent cyclopentadienyl com-

plexes. This leads to a higher  η  5 -character of the metal-Cp 

bond and therefore a lower nucleophilicity of the Cp  −   

anion is expected, disfavoring its transfer to a monomer. 

Indeed, the initiator effi ciency was found to be strongly 

decreasing for lighter rare earth metals, for example, for 

polymerization of DEVP at 30  ° C from 58%–77% to 8%–24% 

in the series Lu to Dy (Table  6 , Entries 1–3, 16–18). [  5b  ]  With 

Tb and the corresponding lighter metals, it was impossible 

to isolate polymeric material under these conditions. 

 Similarly to our previous results, owing to the longer 

reaction times until full monomer conversion, an increase 

of the monomer to catalyst ratio generally improved the 

effi ciency of initiation [e.g., from 39% to 66% for Yb (Table  6 , 

Entries 4–6)]. [  5b  ]  By raising the reaction temperature to 

70  ° C, it was also possible to initiate the polymeriza-

tion of DEVP with earlier lanthanides (Tb, Gd), but with 
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low polymer yields. In addition, the effi ciency of the 

slower initiating, lighter lanthanide complexes could 

be enhanced by higher polymerization temperatures, 

whereas this effi ciency was not strongly affected for the 

fast-initiating, heavy lanthanides. [  5b  ]  

 Cp 3 Ln-initiated polymerization of the sterically more 

demanding DIVP preceded more slowly, affording poly-

mers, which molecular weight corresponds better to the 

initial monomer to catalyst ratio (Table  7 ). [  5b  ]  In this case, 

the higher initiator effi ciency was attributed to both the 

slower chain growth (due to the stronger steric hindrance 

for the coordination of a DIVP monomer) and the absence 

of an initiation period, which is observable for polym-

erization of DEVP (Figure  8 ). [  5b  ]  This initiation period was 

found to be considerably lengthened through the series Lu 

to Dy, that is, for increasing metal radius (Table  8 ). Thus, it 

was concluded that higher steric constraints (by a steri-

cally more demanding monomer or a smaller rare earth 

metal) facilitate the nucleophilic transfer of a cyclopenta-

dienyl ligand by destabilizing the reaction intermediate 

shown in Scheme  8 . [  5b  ]    

 Consequently, the initiator effi ciency of 

 tris (cyclopentadienyl) lanthanide complexes is strongly 

affected by the steric demand of the monomer and by 

   Table  6.     Polymerization of DEVP with Cp 3 Ln (toluene, 30  ° C). 

Entry Element Monomer a)  Reaction time 
[h]

   M   w
 b)  

[kg mol  − 1 ]
   M   n

 b)  
[kg mol  − 1 ]

PDI b)   I  ∗    c)  
[%]

Yield d)  
[%]

1 Lu 200 1 60 57 1.05 58 88

2 Lu 400 1 110 100 1.10 66 99

3 Lu 800 1 210 170 1.26 77 99

4 Yb 200 1 93 83 1.12 39 94

5 Yb 400 1 140 120 1.16 55 93

6 Yb 800 1 230 200 1.15 66 97

7 Tm 200 1 120 100 1.22 33 89

8 Tm 400 1 200 170 1.20 38 93

9 Tm 800 1 230 190 1.16 69 96

10 Er 200 1 180 135 1.36 24 86

11 Er 400 1 260 210 1.25 31 95

12 Er 800 1 380 290 1.34 45 97

13 Ho 200 3 310 240 1.31 14 85

14 Ho 400 3 450 335 1.34 19 85

15 Ho 800 3 640 480 1.34 27 87

16 Dy 200 5 490 400 1.24 8 94

17 Dy 400 5 570 430 1.33 15 96

18 Dy 800 5 710 550 1.31 24 95

    a) Monomer-to-catalyst ratio;      b) determined by GPC-MALS;      c)  I  ∗     =   M  exp /  M   n ,  I  ∗     =  initiator effi ciency,  M  exp   =  expected molecular weight, based 
on living polymerization calculation;      d) determined by weighing of the components.   

   Table  7.     Polymerization of DIVP with Cp 3 Ln (toluene, 30  ° C, monomer-to-catalyst ratio: 200). 

Entry Element Reaction time 
[h]

   M   w
 a)  

[kg mol  − 1 ]
   M   n

 a)  
[kg mol  − 1 ]

PDI a)   I  ∗    b)  
[%]

Yield c)  
[%]

1 Lu 1 39 38 1.03 100 52

2 Yb 1 57 56 1.02 69 53

3 Tm 1 79 76 1.04 51 58

4 Er 3 83 79 1.05 48 28

5 Ho 5 92 86 1.07 44 37

    a) Determined by GPC-MALS;      b)  I  ∗     =   M  exp /  M   n ,  I  ∗     =  initiator effi ciency,  M  exp   =  expected molecular weight, based on living polymerization 
calculation;      c) determined by weighing of the components.   
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the radius (and therefore also the Lewis acidity) of the 

metal center. In order to investigate the infl uence of these 

parameters on the catalytic activity of the different Cp 3 Ln 

complexes, further polymerizations at 30  ° C were carried 

out with both DEVP and DIVP. The activity was deter-

mined by taking aliquots, which were quenched with 

deuterated methanol and subsequently analyzed by  31 P 

NMR spectroscopy, revealing extremely high activities 

(TOF up to 125 000 h  − 1 ) and quantitative monomer con-

version within a couple of seconds for late lanthanides 

(Figure  8 , Table  8 ). [  5b  ]  

 In order to determine whether the varying cata-

lytic activities could only originate from different ini-

tiator effi ciencies, a normalized catalytic activity that 

only considers active complexes was 

calculated by dividing the TOF by  I  ∗    (Table  8 ). This way, 

it could be shown that the catalytic activity strongly 

decreases for the earlier (larger) lanthanides. Moving from 

one metal to its lighter homologue, the normalized catalytic 

activity was found to drop by an approximate factor of 

2.5 to 3.5 for DEVP or of 1.5 to 2 for DIVP, respectively. [  5b  ]  

Moreover, it was observed, that the stronger steric hin-

drance for coordination of DIVP at the active site leads to 

a strong decrease (by approximately a factor of 10) in cata-

lytic activity in comparison to DEVP. [  5b  ]  

 As the normalized turnover frequency is independent 

of the initiator effi ciency and initiation mechanism, 

these results have shown that in case of all lanthanide 

metallocenes (Cp 2 LnX), coordinative-

anionic polymerization of vinylphos-

phonates with high catalytic activity 

can only be achieved by using late lan-

thanides. In addition, late lanthanide 

 tris (cyclopentadienyl) complexes proved 

to be effi cient initiators for vinylphos-

phonate GTP. [  5b  ]  

    5. Surface-Initiated GTP 

 The modifi cation of surfaces with polymer layers to pro-

vide protection and/or a specifi c functionality is widely 

used and has a large commercial interest. On basis of 

our studies on rare earth metal-mediated polymeriza-

tion of vinylphosphonates, our group recently developed 

a surface-initiated group transfer polymerization (SI-GTP), 

which allows the covalent modifi cation of solids with 

dense poly(vinylphosphonate) brushes. [  35  ]  These stable 

coatings are particularly interesting for applications in the 

biomedical fi eld, such as non-fouling coatings or cell prolif-

eration surfaces. 

 Polymer coatings can be prepared by a variety of dif-

ferent techniques, including the application of polymer 

solutions or melts (e.g., spraying, spin coating), the chem-

ical grafting of polymers onto the surface, or direct polym-

erization of monomers on the substrate. For mechanical 

and chemical stability of polymer coatings, it is benefi cial 

if the polymer layer is covalently bound to the surface. 

This may be achieved by using the latter two approaches, 

which are also referred to as “grafting to” and “grafting 

from” processes. Hereby, the polymerization of monomers 

onto the surface (i.e. surface-initiated polymerization) 

allows access to higher grafting densities, that is, higher 

number of polymer chains per surface area covalently 

bound to the surface. 

     Scheme  8 .     Initiation of Cp 3 Ln-induced group transfer polymerization of 
vinylphosphonates.  

     Figure  8 .     Determination of the catalytic activity of a) Cp 3 Yb ( 8b , diamond, plain, TOF  =  59 400 h  − 1 ) and Cp 3 Tm ( 8c , triangles, dashed, TOF  =  
25 200 h  − 1 ) for polymerization of DEVP, and b) Cp 3 Lu ( 8a , diamond, plain, TOF  =  17 300 h  − 1 ) and Cp 3 Yb ( 8b , triangles, dashed, TOF  =  17 300 h  − 1 ) 
for polymerization of DIVP.  
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 If the grafting density is suffi ciently high, polymer 

brushes are formed, in which most of the polymer chains 

are arranged perpendicular to the surface, resulting in 

thick and uniform polymer layers. Therefore, polymer 

brushes are probably one of the most effi cient techniques 

to achieve stable and homogeneous coatings. [  36  ]  Polymer 

brushes can be synthesized using almost all available 

polymerization methods, including ionic, free/controlled 

radical, ring-opening metathesis, photochemical and 

electrochemical polymerization. [  37  ]  However, as detailed 

previously, polymerization of vinylphosphonates by 

radical and anionic approaches only usually affords low 

yields and degrees of polymerization. Consequently, there 

are no reports on poly(vinylphosphonate) brushes synthe-

sized by these methods. 

 Motivated by the idea of providing a method for the 

production of poly(vinylphosphonate) brushes, our 

group has recently developed an SI-GTP. [  35  ]  Our synthetic 

strategy was inspired by our previous work on MMA–

DEVP block copolymerization with Cp 2 YbMe ( 7 ), for 

which we observed a fast and effi cient crossover from the 

growing, catalyst-bound PMMA chain to vinylphospho-

nate polymerization. [  5a  ,  26  ]  This was in good agreement 

with previous GTP studies, where enolate initiators (such 

as the growing PMMA chain) were found to undergo an 

effi cient initiation, which is crucial for a surface-initiated 

polymerization to obtain a homogeneous growth of 

the polymer layer and thus uniform coverage of the 

surface. [  6  ]  

 We therefore modifi ed silicon surfaces with methac-

rylate functionalities, either via a self-assembled mono-

layer of 3–(trimethoxysilyl)propyl methacrylate (TMSPM) 

or via a poly(ethylene glycol dimethacrylate) (PEGDM) 

fi lm with a branched-network morphology (prepared 

by self-initiated photografting and photopolymeriza-

tion (SIPGP) on hydrogen-terminated silicon surfaces, 

for details and mechanism of SIPGP, see ref. 38), thus 

forming a binding layer. [  35  ]  Both functionalized surfaces 

were treated with toluene solution of  7 , so the catalyst 

can react with the binding layer in order to be immobi-

lized on the surface, leading to the formation of a highly 

effi cient enolate initiating species (Scheme  9 ). After the 

addition of dialkyl vinylphosphonate (alkyl  =  methyl, 

ethyl,  n –propyl), this enolate initiator is transferred to a 

coordinated vinylphosphonate, thus forming the cova-

lent bond between the surface and the growing polymer 

chain (Scheme  9 a). [  35  ]   

 Initially, we synthesized PDEVP brushes on self-assem-

bled monolayers of TMSPM on silicon wafers, prepared by 

the silanization of TMSPM on the oxidized silicon wafer. 

After the successive binding of the catalyst, that means, 

the reaction of  bis (cyclopentadienyl) methyl ytterbium 

(Cp 2 YbMe) with the methacrylate groups via methyl 

transfer (Scheme  9 a) and subsequent polymerization of 

DEVP, only very low and non-uniform coverage of the sur-

face was observed by AFM measurements and confi rmed 

by XPS. [  35  ]  

 The low surface coverage was attributed to a slow cat-

alyst binding onto the densely packed SAM and to the 

pre-organization of the surface-bound methacrylates, 

facilitating their homopolymerization during catalyst 

impregnation (via in-plane GTP of the MMA moieties, 

Scheme  9 b). [  35  ]  Such polymerization strongly reduces the 

number of catalyst binding sites on the surface, decreasing 

the grafting density for a subsequent SI-GTP. The interplay 

of the steric hindrance of the catalyst binding onto the 

   Table  8.     Catalytic activity of Cp 3 Ln for vinylphosphonate polymerization of (toluene, 30  ° C, monomer-to-catalyst ratio: 600). 

Entry Element Monomer Reaction 
time

Conv. a)  
[%]

Initiation 
period b)  

   M   n
 c)  

[kg mol  − 1 ]
 I  ∗    d)  
[%]

TOF a)  
[h  − 1 ]

TOF/ I  ∗    
[h  − 1 ]

1 Lu DEVP 5 min 100 – 210 47  > 125 000  > 265 000

2 Lu DIVP 30 min 100 – 128 89 17 300 19 400

3 Yb DEVP 10 min 100 20 s 310 32 59 400 185 000

4 Yb DIVP 62 min 99 – 153 75 11 600 15 400

5 Tm DEVP 10 min 100 60 s 280 35 25 200 72 000

6 Tm DIVP 60 min 94 – 179 60 5700 9500

7 Er DEVP 32 min 100 6 min 530 19 5200 28 000

8 Er DIVP 3 h 92 – 188 56 2000 3600

9 Ho DEVP 2 h 99.5 30 min 670 15 1200 8000

10 Ho DIVP 5 h 49 – 336 17 500 2900

11 Dy DEVP 5 h 85 100 min 710 12 270 2300

    a) Conversion, determined by  31 P NMR spectroscopic measurement;      b) reaction time until 3% conversion is reached;      c) determined by GPC-
MALS;      d)  I  ∗     =   M  exp /(  M   n  x Conv),  I  ∗     =  initiator effi ciency,  M  exp   =  expected molecular weight, based on living polymerization calculation.   
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surface and the polymerization rate of the pre-organized 

methacrylate monolayer was proposed to determine the 

amount of surface-bound catalyst und thus the effi ciency 

of the SI-GTP. [  35  ]  

 In comparison to the TMSPM SAM, owing to the much 

higher thickness, a PEGDM network can provide a higher 

methacrylate group density per surface area. Moreover, 

the potential isolation of the preserved methacrylate 

groups in the rigid network was proposed to reduce the 

possibility of the polymerization of these functionalities 

during catalyst impregnation (Scheme  9 c). Indeed, the 

formation of thick and uniform poly(vinylphosphonate) 

brushes could be observed within a few minutes after 

addition of vinylphosphonate to the 

impregnated surface. [  35  ]  

 The formation of these brushes was 

confi rmed by XPS and IR measurements, 

the latter exhibiting the characteristic 

P!O and P–O stretching modes at 

1228 cm  − 1  and 1027/1052 cm  − 1 , 

respectively (Figure  9 ). [  35  ]  AFM meas-

urements revealed that the polymer 

brush layer thickness shows an almost 

constant growth rate of 26.5 nm min  − 1  

for DEVP SI-GTP (Figure  10 ). [  35  ]  This 

rapid and constant growth is in agree-

ment with the living character of a 

GTP. The AFM results, in combination 

with XPS measurements, could also 

prove the homogeneity of the polymer 

brush. [  35  ]    

 The successful modifi cation of the substrate with the 

poly(vinylphosphonate) brush could be further confi rmed 

via contact angle measurements. The static water contact 

angle was found to be strongly dependent on the nature 

of poly(dialkyl vinylphosphonate) side chains; 17  ±  3 °  

for the hydrophilic PDMVP, 76  ±  2 °  for the hydrophobic 

PDPVP. [  35  ]  It could be shown that the thermoresponsive 

behavior of PDEVP, exhibiting a lower critical solution 

temperature between 40 and 46  ° C, was well preserved 

after anchoring to the substrate, as the static water con-

tact angle increased from 44  ±  2 °  at room temperature to 

66  ±  2 °  at 50  ° C. [  5b  ,  35  ]  

     Scheme  9 .     a) Formation of enolate initiating species during catalyst impregnation by reaction of Cp 2 YbMe with surface-bound methacr-
ylates and subsequent initiation of SI-GTP; b) in-plane polymerization of catalyst binding sites leads to inhomogeneous coverage after 
SI-GTP on a TMSPM monolayer; c) a crosslinked PEGDM network with embedded, but isolated methacrylate moieties leads to high catalyst 
loading and thus to an effi cient SI-GTP.  

     Figure  9 .     a) IR spectra of a poly(ethyleneglycol dimethacrylate) [PEGDM] network, 
poly(ethyleneglycol dimethacrylate- graft -methyl methacrylate) [P(EGDM- g -MMA)], and 
poly(ethyleneglycol dimethacrylate- graft -diethyl vinylphosphonate) [P(EGDM- g -DEVP)] 
brushes on silicon; b) XPS spectrum of a [P(EGDM- g -DEVP)] brush on silicon.  
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     Figure  10 .     Three-dimensional representation of AFM scans of a PEGDM fi lm on a silicon wafer and polymer brushes after SI-GTP of DEVP; 
a) SI-PGP of EGDM for 30 min gives a PEGDM fi lm with a thickness of 29  ±  6 nm; b)-e) SI-GTP of DEVP on the same substrate after 1, 2, 3, 
and 4 min results in 51  ±  11, 73  ±  9, 104  ±  11, and 146  ±  12 nm thick polymer brush layers, respectively; f) P(EGDM-g-DEVP) layer thickness as 
a function of SI-GTP time.  

 Besides poly(vinylphosphonate) brushes, the cur-

rent method was found to be applicable also to (meth)

acrylate monomers, for example, poly(methyl methac-

rylate) (PMMA) brushes could be synthesized accordingly 

on PEGDM-modifi ed silicon substrates. Uniform and 

thick PMMA brushes (ca. 300 nm) were prepared within 

5 min at room temperature. The successful synthesis 

of PMMA brushes on PEGDM fi lms was confi rmed by IR 

(Figure  9 a). [  35  ]  

 SI-GTP is thus far the only method for the preparation 

of thick and uniform, covalent poly(vinylphosphonate) 

coatings. As PDEVP was demonstrated to maintain its 

thermoresponsive properties when anchored to the 

surface, SI-GTP offers a possibility for the synthesis of 

thermoswitchable coatings, being of great interest as 

bacterial, protein, peptide, and cell adhesion mediators 

and fi rst candidates for the study of biomineralization 

in confi ned geometries. [  39  ]  Alongside different ester 

cleavage strategies, this method also 

provides an effi cient procedure for the 

synthesis of PVPA brushes. [  35  ]  More-

over, SI-GTP proved to be experimen-

tally facile, can be performed at room 

temperature and polymer layer thick-

nesses up to 300 nm can be achieved 

within a polymerization time of a few 

minutes. The versatility of SI-GTP is 

further underlined by the fact that it 

is applicable to various other mono-

mers, which can be polymerized by the 

GTP-technique (e.g. MMA) thus making 

SI-GTP an interesting alternative to 

SI-ATRP. [  35  ]  

   6. Transformation to Poly(vinylphosphonic 
acid) 

 Direct GTP of vinylphosphonic acid is not possible, how-

ever, most applications of phosphonate-containing poly-

mers are ascribed to the free acid. Therefore, simple 

polymer-analogous transformations of phosphonic esters 

to phosphonic acid are necessary. 

  6.1. Transesterifi cation and Subsequent Hydrolysis 

 The hydrolysis of poly(vinylphosphonic ester)s to the respec-

tive acids is commonly performed in refl uxing fuming 

aqueous HCl or HCl/dioxane for prolonged reaction times 

(Scheme  10 c). [  3g,i,k  ,  14  ,  40  ]  If HBr was applied instead of HCl, the 

reaction was found to proceed faster. [  3e  ,  8c  ]  As these harsh con-

ditions may not be compatible for copolymer hydrolysis and/

or may lead to polymer degradation, especially in the case of 

     Scheme  10 .     Polymer analogous transesterifi cation of poly(vinylphosphonate)s (a, b), 
chemical (c), and thermal (d) hydrolysis to poly(vinylphosphonic acid).  
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high-molecular-weight polymers, a mild method to cleave the 

alkyl groups is required. Recently, Meyer and co-workers pre-

sented such hydrolysis under mild conditions by treatment 

with trimethylsilyl bromide in refl uxing dichloromethane. [  3j  ]   

 High conversion rates were observed in the case of both 

PDMVP and PDEVP; however, it was impossible to achieve 

complete cleavage of the ester side groups for high-molec-

ular-weight PDIVP, probably due to a stronger steric hin-

drance for cleavage of the isopropyl group and to a higher 

boiling point of the side product 2-bromopropane, which 

therefore cannot be removed from the equilibrium. [  5b  ]  

 In our studies, we found that this reaction proceeds in 

a two-step fashion by transesterifi cation and subsequent 

hydrolysis, similar to the previously described hydrolysis 

of monomeric phosphonic esters with trimethylsilyl 

chloride. [  5b  ,  41  ]  The intermediate poly( bis (trimethylsilyl) 

vinylphosphonate) could be isolated (Scheme  10 a), but 

proved to be very sensitive to hydrolysis. Direct transfor-

mation of this intermediate to other ester functionalities 

[e.g., poly(dibenzyl vinylphosphonate)] by treatment with 

TBAF and the corresponding bromide (e.g., benzyl bro-

mide) could be established (Scheme  10 b). [  5b  ]  

   6.2. Thermal Treatment 

 TGA measurements revealed a two-step thermal decompo-

sition process for poly(dialkyl vinyphosphonate)s (alkyl  =  

methyl, ethyl,  iso -propyl). [  5b  ,  25  ,  42  ]  In all cases, the second 

decomposition step occurs at the same temperature range 

(460–520  ° C). In combination with TGA MS measure-

ments, these results indicate degradation of the polymer 

backbone. [  5b  ,  25  ]  Depending on the nature of the ester side 

groups, poly(vinylphosphonate)s were found to differ 

in the fi rst decomposition step. While for PDIVP, a sharp 

transition is observed at lower temperatures (245–270  ° C) 

relative to PDEVP (280–340  ° C), for PDMVP a broader tran-

sition at higher temperatures (300–420  ° C) is observed. [  5b  ]  

For the latter, partial backbone degradation occurs already 

during the fi rst decomposition step, as observed by TGA 

MS studies. [  5b  ]  

 TGA MS as well as TGA FTIR studies indicate that for 

PDEVP and PDIVP, the fi rst decomposition is due to ester 

side group cleavage via an elimination reaction (with the 

formation of ethylene and propylene, respectively). [  4d  ,  5b  ,  25  ]  

According to these results, we realized the quantitative 

synthesis of PVPA by thermal treatment for 30 min at 

350  ° C in nitrogen atmosphere of both PDEVP and PDIVP 

(Scheme  10 d). [  5b  ]  Full cleavage of the ester side chains was 

observed by  1 H NMR spectroscopy and further confi rmed 

by elemental analysis. Degradation of the polymer back-

bone could not be observed. [  5b  ]  Hence, this method pro-

vides a possibility of converting poly(vinylphosphonate)s 

to PVPA in an economic and clean fashion, without the 

use of solvents or reagents. 

    7. Conclusion 

 Due to their versatility, polymers increasingly substi-

tute classic raw materials and are thus indispensable for 

our modern society. In the last decades, the need for new 

materials with specifi cally designed and tailored proper-

ties is one of the major driving forces in polymer research. 

Polymers containing phosphonate moieties, particularly 

PVPA and its derivatives, have attracted great interest 

due to a potentially wide range of applications. However, 

synthesis of poly(vinylphosphonate)s is hard to establish; 

radical methods generally lead to slow monomer conver-

sion and only polymers with low molecular weight may be 

obtained. Classical anionic polymerizations of vinylphos-

phonate esters are more successful, however, conversion 

rates are low, the synthesis is complicated by readily occur-

ring side reactions, the obtained products exhibit a broad 

molecular weight distribution and stereospecifi c polymeri-

zation is very limited. 

 Rare earth metal-mediated GTP combines the suppres-

sion of side reactions, high activity, and control of polymer 

tacticity with a living-type polymerization. This method 

was applied to the polymerization of vinylphosphonates, 

demonstrating that rare earth metal complexes are prin-

cipally feasible for poly(vinylphosphonate) synthesis 

and that late lanthanide metallocenes exhibit extremely 

high activity (TOF up to 125 000 h  − 1 ). The easily acces-

sible  tris (cyclopentadienyl) lanthanide complexes proved 

to be effi cient initiators, leading to a new and interesting 

chain end functionalization. Using this type of catalysts, 

a strong dependency of the metal center on the catalytic 

activity was observed; the smaller the metal center (i.e. 

the higher the Lewis acidity), the higher the normalized 

catalytic activity TOF/ I  ∗   . Consequently, Cp 2 LnX-initiated 

GTP of vinylphosphonates with high catalytic activity can 

only be achieved by using late lanthanide complexes. It 

was shown that rare earth metal complexes principally 

allow vinylphosphonate polymerization in a stereospecifi c 

manner. However, a more detailed study on the effects of 

the coordination sphere and the rare earth metal center 

is required. 

 For DEVP and DIVP, this polymerization leads to well-

defi ned polymers with low PDI and a molecular weight 

close to the initial monomer to catalyst ratio even at ele-

vated temperatures (30–70  ° C). Due to the low solubility 

of PDMVP in suitable solvents, a well-controlled rare 

earth metal-mediated GTP of DMVP has not been thus far 

reported. Due to high polymerization activity and facile 

conversion by both mild hydrolysis or thermal treatment, 

PDEVP was proposed as the ideal precursor for well-

defi ned high-molecular-weight PVPA with narrow chain 

length distribution. 

 In our studies, we reported evidence for the living 

polymerization character and a GTP mechanism taking 
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place. A living-type polymerization could be proven by 

observation of a linear growth of the molecular weight 

upon conversion and by the possibility to produce block 

copolymers by subsequent polymerization of MMA and 

DEVP without the formation of PDEVP homopolymer. 

The possibility of stereospecifi c polymerization, the 

complete crossover in copolymerizations from MMA to 

vinylphosphonate, and thus the evidence for a strong 

coordination of vinylphosphonates via the phosphonate 

moiety, in combination with the strong dependency of 

the reaction rate on the rare earth cation, provide strong 

evidence for a coordinative-anionic-, i.e. a group transfer 

polymerization. 

 On basis of our copolymerization studies, the fi rst 

instance of an SI-GTP has been demonstrated, allowing 

the fi rst synthesis of poly(vinylphosphonate) brushes. 

SI-GTP is experimentally facile, can be performed at room 

temperature and polymer layer thicknesses up to 300 nm 

can be achieved within a polymerization time of a few 

minutes. The versatility of SI-GTP is further underlined by 

the fact that it is applicable to various other monomers, 

which can be polymerized by the GTP-technique, for 

example, MMA. 
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CHAPTER 5: 

 

POLY(VINYLPHOSPHONATE)S SYNTHESIZED BY 

TRIVALENT CYCLOPENTADIENYL LANTHANIDE-

INDUCED GROUP TRANSFER POLYMERIZATION  

 

 

 

 

„Lanthanons…These elements perplex us in our rearches [sic], baffle us in our speculations, 

and haunt us in our very dreams. They stretch like an unknown sea before us – mocking, 

mystifying and murmuring strange relevations and possibilities.” 

  

- Sir William Crookes (1832-1919) 
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This chapter reports on the use of tris(cyclopentadienyl)lanthanide complexes (Cp3Ln, Ln = 

Gd to Lu) for the polymerization of dialkyl vinylphosphonates (alkyl = methyl, ethyl, iso-

propyl) yielding polymers of precise molecular weight and low polydispersity. It presents a 

new form of initiation for REM-GTP which occurs via a cyclopentadienyl transfer to a 

coordinated monomer, induced by steric crowding of the intermediate Cp3Ln(DAVP). A 

strong dependency of the initiator efficiency and the catalytic activity of the applied 

complexes on the size of the metal center has been observed. Accordingly, the activity of 

applied complexes can be precisely adjusted by the use of different rare earth metal centers 

and Cp2LnX-initiated vinylphosphonate polymerization with high catalytic activity can only 

be achieved by using late lanthanide complexes. 

Additionally, mild methods for the transformation of PDAVP to PVPA by both thermal 

treatment and acidic hydrolysis will be presented. The so far unreported LCST of poly(diethyl 

vinylphosphonate) in aqueous solution has been evaluated and was found to be close to the 

physiological range, and the correlation between the molecular weight and this temperature 

has been determined. 
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’ INTRODUCTION

Poly(vinylphosphonate)s, as well as their derivatives, may
be used as binders in dental or bone concrete, in new energy
technologies as proton conducting membranes, as halogen-free
flame retardants or as antifouling agents on metal surfaces.1

Polymerization reactions of this type of monomer have first been
studied in the 1960s and 1970s, with reports of low molecular
weights and yields, mostly achieved by radical and anionic
approaches.2 Only few publications over the last years report
on high-molecular-weight poly(vinylphosphonate)s, with even
fewer reports on the free acid.3 A few years ago we reported on
successfully performed catalytic polymerizations using rare-earth
metal complexes comprising σ-donor ligands.3c Later on, initial
investigations on the microstructure of poly(diethyl vinylphos-
phonate) (PDEVP) were published using the same type of
catalytic compounds.3e Nevertheless, mechanistic details as well
as an absolute characterization of the molecular weight of the
PDEVPs were missing. Recently, we reported on the first use
of bis(cyclopentadienyl)ytterbium complexes (Cp2YbCl and
Cp2YbMe) for the polymerization of diethyl vinylphosphonate
(DEVP, 1b).4 This work has demonstrated the first instance of
block copolymer production with methyl methacrylate (MMA).
The reaction proceeds in a living fashion and appears to be a

group transfer polymerization (GTP), which is already well-
known for acrylic monomers.5

Nevertheless, the molecular weight of the resulting homo-
polymers was not consistent with the initial monomer to catalyst
ratio, indicating low initiator efficiencies and the use of dialkyl
vinylphosphonates other than the diethyl species are still not
known. Herein we describe the first use of tris(cyclopenta-
dienyl)lanthanide complexes for the polymerization of dimethyl
vinylphosphonate (DMVP, 1a), diethyl vinylphosphonate (DEVP,
1b), and diisopropyl vinylphosphonate (DIVP, 1c), andwe provide
pathways for the conversion of high-molecular-weight poly(vinyl-
phosphonate)s to the corresponding poly(vinylphosphonic acid)
by both thermal treatment and hydrolysis under mild conditions.

Figure 1. Dimethyl vinylphosphonate (DMVP, 1a), diethyl vinylpho-
sphonate (DEVP, 1b), and diisopropyl vinylphosphonate (DIVP, 1c).

Received: March 31, 2011
Revised: June 17, 2011

ABSTRACT: Recent studies have shown that diethyl vinylphospho-
nate can be converted into high-molecular-weight polymers by rare
earth metal-initiated group transfer polymerization. Here we report
on the use of tris(cyclopentadienyl)lanthanide complexes (Cp3Ln,
Ln = Gd to Lu) for the polymerization of dialkyl vinylphosphonates
(alkyl: methyl, ethyl, isopropyl) yielding polymers with precise
molecular weight and low polydispersity. Additionally, the thermo-
sensitive behavior of poly(diethyl vinylphosphonate) was characterized,
and methods for a conversion of the obtained high-molecular-
weight poly(vinylphosphonate)s (Mn > 250 kg mol!1) to poly-
(vinylphosphonic acid) by both thermal treatment and a mild hydrolysis were established. A series of independently performed
reactions showed high activities and initiator efficiencies for the Cp3Ln complexes for the homopolymerization of the applied
monomers. Poly(vinylphosphonate)s of high molecular weight with a previously unknown low polydispersity index (PDI < 1.05)
have been determined by GPC-MALS (multiangle light scattering) methods. The reaction shows a linearMw vs consumption plot,
thus proving a living type polymerization. The initiation of the reaction has been investigated by end-group analysis with MALDI-
ToF and ESI mass spectrometric analysis. A new and interesting chain-end functionalization of the achieved polymers has been
detected over the course of the MS analytical studies. The so far unreported LCST (lower critical solution temperature) of
poly(diethyl vinylphosphonate) in water has been evaluated, and the correlation between the molecular weight of the material with
this temperature has been determined.

Reprinted with Permission from Salzinger, S; Seemann, U. B.; Plikhta, A.; Rieger, B. Macromolecules 2011, 44, 

5920. Copyright 2011 American Chemical Society. 
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’RESULTS AND DISCUSSION

Cp3Ln Complexes for Vinylphosphonate Polymerization.
The here-presented work is focused on the use of trivalent
cyclopentadienyl lanthanide complexes (Cp3Ln) for the homo-
polymerization of various dialkyl vinylphosphonates, allowing a
precise control of molecular weight and molecular weight
distribution of the polymer product. In addition, these complexes
are structurally characterized for most of the rare-earth metals
(Ln: Ce!Lu),6 and their synthesis is easier than the previously
applied monochloro- or monomethyl complexes (Cp2YbX, X =
Cl, Me),4 affording even better yields. Initial kinetic studies using
Cp3Lu and DEVP have been performed at !10 !C by taking
aliquots during the reaction. A linear growth of the molecular
weight with conversion, as detected by 31P NMR spectroscopy,
can be observed which proves the living character of the
polymerization reaction supporting further our hypothesis of a
GTP mechanism4 (Figure 2).
In order to understand the initiation process, oligomers have

been produced by using a 5 to 1 ratio of DEVP to catalyst in
toluene solution and were subsequently analyzed by ESI MS. For
all peaks, the molar mass of the corresponding oligomers was
found to be n " MDEVP + 66 g mol!1 (Figure S1 and Table S1).
The remaining 66 g mol!1 corresponds to a cyclopentadienyl
group, which initiated chain growth and a proton from the
termination reaction during methanolic work-up. Thus, a transfer
of the coordinated ligand to a monomer in the initial step is
evident. This type of initiation could also be observed for the
polymerization of DMVP andDIVP and was further confirmed by
MALDI-ToFMS (exemplarily shown in Figure S2 and Table S2).
Because of the small ionic radii of late trivalent rare earth metals

and the steric demand of the ligands, it is therefore unlikely that all
threeCp ligands are bound to themetal center in aη5 fashion. This
is underlined by previous X-ray diffraction studies which have

shown that Cp3Lu is a polymericmaterial in the solid state.7 In this
structure single Cp rings form bridges between the individual
Cp2Lu moieties by η1-metal!Cp bonding.
By using phosphonates, which are known to be strongly

coordinating, two electron-donating species, the η1-(σ)-charac-
ter of the metal!Cp bond is strengthened, thus allowing a
nucleophilic transfer to a coordinated monomer. An additional
phosphonate is now able to bind to the vacant coordination site
(Scheme 1). The polymerization reaction then proceeds via
repeated conjugate addition of a coordinated monomer to the
growing chain end.
The investigations of Evans et al. on sterically crowded tris-

(pentamethylcyclopentadienyl)lanthanide complexes (Cp*3Ln, Ln=
La, Ce, Pr, Nd, Sm) and the therein described equilibrium
between η

5-and η
1-Cp* metal bonding further support the

assumption of an initiation by nucleophilic transfer of a cyclo-
pentadienyl ligand.8

The larger metal radii of lighter rare earth metals result in
sterically less crowded trivalent cyclopentadienyl complexes.
This leads to a higher η5 character of the metal!Cp bond and
should lower the nucleophilicity of the Cp anion, therefore
disfavoring its transfer to a monomer. This is confirmed by the
use of metal centers with different ionic radii. At 30 !C the
polymerization of DEVP in toluene is possible when complexes
of the heavier rare earth metals are used, showing high polymer
yields and low PDI (below 1.4) for all centers between Lu andDy
(Table 1). With Tb and the corresponding lighter metals it was
not possible to isolate polymeric material under these conditions.
With decreasing ionic radius the expected molecular weight

(Mexp) fits better to the determined values. This dependence on
the radius is a further evidence for the transfer theory as the lower
nucleophilicity of the Cp ligand for early lanthanides leads to
lower initiator efficiencies I* (higherMn/Mexp, observed decrease
of I* from Lu to Dy: 58!77% (entries 1!3) to 8!24% (entries

Figure 2. Linear growth of PDEVP molecular weight with conversion
(Cp3Lu, toluene, !10 !C).

Scheme 1. Initiation of the Cp3Ln-Induced Polymerization
of Vinylphosphonates with the Example Monomer DEVP

Table 1. Polymerization of DEVP (Cp3Ln, Toluene, 30 !C)

entry Cp3Ln monomera
reaction

time/h

Mw/

kDa

Mn/

kDa PDI

I*
b/

%

yieldc/

%

1 Lu 200 1 60 57 1.05 58 88

2 Lu 400 1 110 100 1.10 66 99

3 Lu 800 1 210 170 1.26 77 99

4 Yb 200 1 93 83 1.12 39 94

5 Yb 400 1 140 120 1.16 55 93

6 Yb 800 1 230 200 1.15 66 97

7 Tm 200 1 120 100 1.22 33 89

8 Tm 400 1 200 170 1.20 38 93

9 Tm 800 1 230 190 1.16 69 96

10 Er 200 1 180 135 1.36 24 86

11 Er 400 1 260 210 1.25 31 95

12 Er 800 1 380 290 1.34 45 97

13 Ho 200 3 310 240 1.31 14 85

14 Ho 400 3 450 335 1.34 19 85

15 Ho 800 3 640 480 1.34 27 87

16 Dy 200 5 490 400 1.24 8 94

17 Dy 400 5 570 430 1.33 15 96

18 Dy 800 5 710 550 1.31 24 95
aMonomer-to-catalyst ratio. b I* = Mexp/Mn, I* = initiator efficiency,
Mexp = expected molecular weight, based on living polymerization
calculation. cDetermined by weighing of the components.
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16!18)). An increase of the monomer-to-catalyst ratio generally
improves the efficiency of this starting process (e.g., from 39% to
66% for Yb (entries 4!6)). This is in good agreement with the
expectation as longer reaction times are necessary for full mono-
mer conversion, thus allowing more catalyst molecules to initiate
the polymerization.
By increasing the reaction temperature to 70 !C, it was

possible to initiate the polymerization also with earlier lantha-
nides (Tb, Gd), but with low yields (Table S3). In addition, the
resulting molecular weights (Mn) for the lighter lanthanides
correspond slightly better to the calculated values (Mexp) for
living polymerizations (higher I*).
Besides DEVP, there are other simple dialkyl vinylphospho-

nate monomers available, e.g., dimethyl vinylphosphonate (DMVP)
and diisopropyl vinylphosphonate (DIVP). Both can be poly-
merized using Cp3Ln complexes as initiators. Specifically, DMVP
showed high reactivity; however, the limiting factor is the low
solubility of the resulting polymer in solvents suitable for this
polymerization. Formed PDMVP precipitates almost immedi-
ately from toluene (or THF3d) solution with a molecular weight
(Mw) below 50 kDa (determined by static light scattering, using
Zimmplots). Because of adsorption on the columnmaterial, GPC
separation, in order to gather information about PDI andMn, was
not possible.
On the other hand, the polymerization of DIVP proceeds

slower than with DMVP or DEVP but produces materials with
high molecular weight which corresponds better to the initial
monomer-to-catalyst ratio. The higher initiator efficiency can be

attributed to both the slower chain growth (due to the stronger
steric hindrance for the coordination of a DIVP monomer) and a
shortening/absence of an initiation period which is observable
for DEVP (see determination of catalytic activity). Therefore, the
rate of the initiation is faster than for the chain growth, afford-
ing remarkably narrow PDIs (below 1.1) for all experiments
(Table 2). A quantitative precipitation of the polymer with
hexane was not possible due to the increased solubility of PDIVP
in nonpolar solvents leading to the observed low yields, generally
between 30% and 60%.
Determination of the Catalytic Activity. The above results

indicate clearly that the initiator efficiency is strongly affected by
the radius (and therefore also the Lewis acidity) of the metal
center. In order to investigate the influence of these parameters
on the catalytic activity of the different Cp3Ln complexes, further
polymerizations at 30 !C were carried out with both DEVP and
DIVP. The activity was thereby determined by taking aliquots
which are quenched with deuterated methanol and subsequently
analyzed by 31P NMR spectroscopy.
The turnover frequency (TOF) was defined as the maximum

slope of the conversion vs reaction time plot (Figures 3 and 4).
In order to determine whether the varying catalytic activities
could only originate from different initiator efficiencies, the
polymer contained in the remaining reaction mixture (after
taking aliquots) was isolated and the molecular weight

Table 2. Polymerizations of DIVP (Cp3Ln, Toluene, 30 !C,
Monomer-to-Catalyst Ratio: 200)

Cp3Ln reaction time/h Mw/kDa Mn/kDa PDI I*
a/% yieldb/%

Lu 1 39 38 1.03 100 52

Yb 1 57 56 1.02 69 53

Tm 1 79 76 1.04 51 58

Er 3 83 79 1.05 48 28

Ho 5 92 86 1.07 44 37
a
I* = Mexp/Mn, I* = initiator efficiency, Mexp = expected molecular

weight, based on living polymerization calculation. bDetermined by
weighing of the components.

Figure 3. Determination of the catalytic activity of Cp3Yb (diamond,
plain, TOF = 59 400 h!1), Cp3Tm (triangles, long dashed, TOF =
25 200 h!1), and Cp3Er (squares, short dashed, TOF = 5200 h!1) for
the polymerization of DEVP (monomer-to-catalyst ratio: 600).

Figure 4. Determination of the catalytic activity of Cp3Lu (diamond,
plain, TOF = 17 300 h!1), Cp3Yb (triangles, long dashed, TOF =
11 600 h!1), and Cp3Tm (squares, short dashed, TOF = 5700 h!1) for
the polymerization of DIVP (monomer-to-catalyst ratio: 600).

Table 3. Catalytic Activity of Cp3Ln Complexes for the
Polymerization of DEVP (Monomer-to-Catalyst Ratio: 600)

Cp3Ln

reaction

time

conva/

%

init

perb
Mn/

kDa

I*
c/

%

TOFa/

h!1

TOF/

I*/h!1

Lu 5 min 100 210 47 >125000 >265000

Yb 10 min 100 20 s 310 32 59400 185000

Tm 10 min 100 60 s 280 35 25200 72000

Er 32 min 100 6 min 530 19 5200 28000

Ho 2 h 99.5 30 min 670 15 1200 8000

Dy 5 h 85 100 min 710 12 270 2300
aDetermined by 31P NMR spectroscopic measurement. b Init per:
initiation period, reaction time until 3% conversion is reached. c I* =
Mexp/(Mn " conv), I* = initiator efficiency,Mexp = expected molecular
weight, based on living polymerization calculation.

 



Chapter 5   

84 

5923 dx.doi.org/10.1021/ma200752d |Macromolecules 2011, 44, 5920–5927

Macromolecules ARTICLE

analyzed by GPC-MALS in order to determine the initiator
efficiency I*. By dividing the TOF by I*, a normalized catalytic
activity can be calculated which only considers active complexes
(Tables 3 and 4).
For the polymerization of DEVP an initiation period is

observed (Figure 3 and Figure S3), which is considerably
lengthened through the series Lu to Dy and results also in
decreasing initiator efficiencies. This decrease is in good agree-
ment with the results detailed above. Different absolute values for
I* can be attributed to different catalyst and monomer concen-
trations (see Experimental Section).
The measurements clearly show that not only the initiator

efficiency but also the (normalized) catalytic activity strongly
decreases for earlier lanthanides (Table 3). The normalized
catalytic activity therefore changes by an approximate factor of
2.5!3.5 moving from one metal to its lighter homologue.
For DIVP an initiation period as it is observed for DEVP does

not occur (Figure 4 and Figure S4). This can be attributed to the
stronger steric demand of DIVP facilitating the nucleophilic
transfer of a cyclopentadienyl ligand by destabilizing the inter-
mediate shown in Scheme 1. The stronger steric hindrance also
leads to a strong decrease (by approximately a factor of 10) in
catalytic activity in comparison to DEVP (Table 4). Both facts
explain the observed higher initiator efficiency and lower PDI for
the polymerization of DIVP.
Moving from one metal to its lighter homologue, the normal-

ized catalytic activity decreases by a factor 1.5!2, showing that
the influence of the metal radii on the catalytic activity is smaller
for DIVP than it is for DEVP. Taking into consideration that the
steric hindrance influencing the rate of chain propagation, in
comparison to DEVP, is stronger for the late (small) lanthanides,
this observation is in good agreement with the expectation.
As the normalized turnover frequency is independent of the

initiator efficiency and initiation mechanism, these results clearly
show that in case of all lanthanide metallocenes (Cp2LnX)
coordinative anionic polymerization of vinylphosphonates with
high catalytic activity can only be achieved by using late
lanthanides. Even if a more uniform start of polymerization can
be established by a different initiation, the catalytic activity of
earlier lanthanides would still be very limited.
Solubility and Thermoresponsive Behavior of Poly(vinyl-

phosphonate)s. Poly(vinylphosphonate)s show a differing solu-
bility behavior depending on the nature of the ester side chain.
While PDMVP is soluble in water, it displays very limited solubility
in common organic solvents, thus affording precipitation of the
material soon after starting polymerization. This inhibits the
formation of high-molecular-weight polymers. PDIVP, on the
other hand, shows high solubility in many solvents leading to a

more challenging purification by precipitation of the product (and
is only possible for molecular weights above ca. 30 kg mol!1).
Being between the two solubility extremes showed by the

hydrophilic PDMVP and the rather hydrophobic PDIVP, re-
spectively, it is not surprising that PDEVP shows amphiphilic
behavior. It is highly soluble in both water and lighter alcohols,
whereas the solubility in other solvents is strongly dependent
on the molecular weight: after a distinct swelling (between
10 and 25 mg of solvent per mg of polymer) polymers with a
molecular weight below ∼1000 kg mol!1 start to dissolve
while ultrahigh-molecular-weight polymers stay in the swollen
state. Only in hydrophobic solvents such as hexane or pen-
tane no significant solubility or polymer swelling could be
observed.
The amphiphilicity of PDEVP is further underlined by the

existence of a lower critical solution temperature (LCST) of aqueous
PDEVP solutions. Hereby the LCST is close to the physiological
range (Figure 5). For further LCST studies this polymer is inter-
esting due to the living character of the polymerization. Thus,
narrow molecular weight distributions (sharp LCST) can be
achieved, and block copolymer structures are easily accessible.
Previous studies on thermoresponsive PNIPAM and poly(2-

oxazoline)s have shown that the cloud point of these systems
exhibits a significant dependence on both concentration and
molecular weight of the polymer9 thus enabling the design of
materials with a specific LCST. In the case of PDEVP, we found

Table 4. Catalytic Activity of Cp3Ln Complexes for the
Polymerization of DIVP (Monomer-to-Catalyst Ratio: 600)

Cp3Ln reaction time conva/% Mn/kDa I*
b/% TOFa/h!1 TOF/I*/h!1

Lu 30 min 100 128 89 17300 19400

Yb 65 min 99 153 75 11600 15400

Tm 60 min 94 179 60 5700 9500

Er 3 h 92 188 56 2000 3600

Ho 5 h 49 336 17 500 2900
aDetermined by 31P NMR spectroscopic measurement. b I* = Mexp/
(Mn" conv), I* = initiator efficiency,Mexp = expected molecular weight,
based on living polymerization calculation.

Figure 5. Change of transmittance at λ = 550 nm for PDEVP with 160
kg mol!1 at different concentrations: 15 mg mL!1 (diamonds, plain),
3 mg mL!1 (squares, long dashed), 1 mg mL!1 (triangles, short dashed),
and 0.5 mg mL!1 (circles, broken).

Figure 6. Cloud point vs concentration for aqueous PDEVP solutions with
differentmolecular weight: 160 kgmol!1 (diamonds, plain), 390 kgmol!1

(squares, long dashed), and 710 kg mol!1 (triangles, short dashed).
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that a decrease of the concentration leads to a broadening of the
transition and to higher cloud points. Both effects are stronger
with reduced concentration (Figures 5 and 6).
To determine the influence of the molecular weight on the

LCST of PDEVP, aqueous solutions with a polymer concentra-
tion of 5 mg mL!1 (Mw range of 39!1200 kg mol!1) were used.
Higher concentrations lead to very viscous solutions for high-
molecular-weight polymers, and lower concentrations result in
broad transitions. As well as for the concentration the cloud point
shows a strong dependence on the molecular weight of the
polymers. Lower degrees of polymerization result in polymer
solutions with a higher LCST, again with an increasing effect the
smaller the molecular weight is (Figure 7).

Polymer Analogous Hydrolysis to Poly(vinylphosphonic
acid). In order to hydrolyze the here-presented esters to their
respective acids, a mild method to cleave the alkyl groups is
needed in order to avoid polymer degradation. Recently, Wagner
et al. presented a hydrolysis of lower molecular weight poly-
(vinylphosphonate)s (Mn < 40 kDa) under mild conditions by
treatment with trimethylsilyl bromide in refluxing dichloro-
methane.3d We found that this reaction proceeds in a two-step
fashion by transesterification and subsequent hydrolysis, similar
to the previously described hydrolysis of monomeric phosphonic
esters with trimethylsilyl chloride (Scheme 2).10The intermediate
poly(bis(trimethylsilyl)vinylphosphonate) can be isolated
(Figure 8) but proved to be very sensitive to hydrolysis. A direct
transformation of this intermediate to other ester functionalities
(e.g., poly(dibenzyl vinylphosphonate)) by treatment with TBAF
and the corresponding bromide (e.g., benzyl bromide) was
possible; however, complete separation of tert-butylammonium
from the product could not be achieved.
We applied the method described by Wagner et al.3d to the

obtained high-molecular-weight poly(vinylphosphonate)s (Mn >
250 kDa for both PDEVP and PDIVP, as detailed above PDMVP
withMw> 50 kDawas not accessible) and observed high conversion
rates for both PDEVP and PDMVP, as demonstrated by 1H NMR
spectroscopy (Figure 8 and Figure S5). Using this hydrolysis pro-
cedure, it was not possible to achieve a complete cleavage of the ester
bonds for high-molecular-weight PDIVP (Figure S6), probably due
to a stronger steric hindrance for cleavage of the isopropyl group and
to a higher boiling point of the side product 2-bromopropane, which
therefore cannot be removed from equilibrium.
In order to verify if the end groups are retained during

hydrolysis, we applied the described procedure to oligomeric
vinylphosphonates and analyzed the obtained oligomeric vinyl-
phosphonic acids by both ESI and MALDI-ToF MS as well as by
1H NMR spectroscopy. In the resulting 1H NMR spectrum
signals in the region between 5 and 7 ppm were not observed
indicating an absence of the expected cyclopentadienyl end
group. In MALDI-ToF MS different oligomeric distributions
with Δ(m/z) = 108 (molar mass of vinylphosphonic acid) could
be observed in the negative mode, but the corresponding end

Figure 7. Cloud point vs weight-average Mw of PDEVP.

Figure 8. 1H NMR spectra of PDEVP before (in D2O, red) and after (in C6D6, green, for easier comparison this spectrum was shifted 0.20 ppm to
higher field) transesterification with TMSBr and after hydrolysis (in D2O, blue).

Scheme 2. Transesterification of Poly(dialkyl
vinylphosphonate)s to Poly(bis(trimethylsilyl)-
vinylphosphonate) and Subsequent Mild Hydrolysis
to Poly(vinylphosphonic acid)
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groups could not be identified. Ionization of the oligomers by ESI
MS was not possible.
Thermal Decomposition of Poly(vinylphosphonate)s.TGA

measurements of poly(vinyphosphonate)s revealed a two-step
thermal decomposition process for the three evaluated ester side
groups (methyl, ethyl, isopropyl). Additionally, water uptake
(confirmed by TGA MS) could be observed, which differs
according to the hydrophilicity of the polymers (2!8 wt %). In
all cases the second decomposition step occurs at the same
temperature range (460!520 !C), thus confirming the previous
assumption of backbone degradation.3e The three polymers differ
in the first decomposition step: while for PDIVP a sharp transition
is observed at lower temperatures (245!270 !C) relative to
PDEVP (280!340 !C), for PDMVP a broader transition at
higher temperatures (300!420 !C) is observed (Figure 9). Here-
by the mass losses for PDEVP and PDIVP correspond well to
cleavage of the ester side chains by elimination: 34 wt % for
ethylene cleavage in case of PDEVP (observed: 36 wt %), 44 wt %
for propylene cleavage in case of PDIVP (observed: 46 wt %).
In order to understand the decomposition process for

PDMVP and to confirm the side-chain cleavage for PDEVP
and PDIVP, TGA MS measurements were carried out. For the
latter, only propylene (m/z = 41/42) could be found as a volatile
during the first decomposition step, proving side-group cleavage
by elimination. In contrast to the results of Rabe et al.,3e for
PDEVP not only ethylene (m/z = 26/27/28, major decomposi-
tion compound) and ethanol (m/z = 45/46, very small amount)
could be identified as volatiles, but also diethyl ether (m/z = 74/
59/45, very small amount) (Scheme 3).

As for PDMVP an elimination reaction as side group cleavage
is not possible; only the cleavage of dimethyl ether is observed
(m/z = 45/46). During this decomposition also partial degrada-
tion of the polymer backbone occurs, which can be supported by
both the detection of alkenes (propylene m/z = 41/42, butene
m/z = 55/56, pentene m/z = 69/70) as volatile decomposition
products as well as by the weight loss (34 wt % for dimethyl ether
cleavage, observed: 45 wt %) (Figure 9 and Scheme 3).
For all three polymers during the second degradation step only

small amounts of propylene and butene can be observed,
indicating main-chain scission. The observed weight loss shows
that some volatile phosphorus compounds must be evolving
(mass of P2O5 is much higher than the residual mass), which
could though not be observed by MS.
According to these results, poly(vinylphosphonic acid)

(PVPA) should be easily accessible by thermal treatment of both
PDEVP and PDIVP. This could be confirmed by tempering the
corresponding poly(vinylphosphonate)s for 30 min at 350 !C in
a nitrogen atmosphere, yielding poly(vinylphosphonic acid) as a
gray solid. Full cleavage of the ester side chains was determined
by 1H NMR spectroscopy (see Figure 10 and Figure S7) and
further confirmed by elemental analysis. The molecular weight of
the resulting polymer was determined by static light scattering
methods in batch, producing Zimm plots. Within the limits of the
experimental accuracy, degradation of the polymer backbone
could not be observed. Similarly as for the hydrolysis with
TMSBr, the end groups of obtained oligomeric vinylphoshonic
acids could not be identified.

’CONCLUSIONS

Trivalent cyclopentadienyl lanthanide complexes are easily acces-
sible in a one-step reaction and proved to be, in the case of late
lanthanides, efficient initiators and highly active catalysts for the group
transfer polymerization of various dialkyl vinylphosphonates. For
DEVP and DIVP, this living polymerization leads to well-defined
polymers with low PDI and a molecular weight close to the initial
monomer to catalyst ratio even at elevated temperatures
(30!70 !C). The initiation proceeds via nucleophilic transfer of
a cyclopentadienyl ligand as shown by mass spectrometric studies.
The smaller the metal center (i.e., the higher the Lewis acidity),
the higher the initiator efficiency and the normalized catalytic

Figure 9. TGA measurements for PDMVP (red), PDEVP (blue), and
PDIVP (green); mass losses reported in weight percent (wt %).

Scheme 3. Proposed Decomposition Processes for
Poly(vinylphosphonate)s According to TGA MS

Figure 10. 1HNMR spectra in D2O of (a) poly(vinylphosphonic acid)
(PVPA) synthesized by thermal treatment (green) of the (b) corre-
sponding poly(diethyl vinylphosphonate) PDEVP (red).
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activity TOF/I*. Therefore, Cp2LnX-initiated coordinative an-
ionic polymerization of vinylphosphonates with high catalytic
activity can only be achieved by using late lanthanide complexes.

Because of the low solubility of PDMVP in suitable solvents, a
well-controlled lanthanide-mediated group transfer polymeriza-
tion of DMVP is not thus far possible. By contrast, due to its high
solubility in most common organic solvents, purification of
PDIVP by precipitation does not give satisfactory results. Com-
bined with high polymerization activity and easy conversion by
both mild hydrolysis or thermal treatment, this makes PDEVP
the ideal basis for well-defined high-molecular weight poly-
(vinylphosphonic acid) with narrow chain length distribution.
Furthermore, aqueous PDEVP solutions exhibit a lower critical
solution temperature (LCST) close to the physiological range,
which is strongly dependent on both concentration and molec-
ular weight of the polymer (40!46 !C).

’EXPERIMENTAL SECTION

General. All reactions were carried out under an argon atmosphere
using standard Schlenk or glovebox techniques. All glassware was heat
dried under vacuum prior to use. Unless otherwise stated, all chemicals
were purchased from Sigma-Aldrich or Acros Organics and used as
received. Toluene was dried using a MBraun SPS-800 solvent purifica-
tion system. Tetrahydrofuran (THF) was distilled over potassium prior
to use. All metal complexes, DEVP, and DIVP were prepared according
to literature procedures.4c,6 DMVP was purchased from Alpha Aesar.
Monomers were dried over calcium hydride and destilled prior to
polymerization.

NMR spectra were recorded on a Bruker ARX-300 spectrometer.
1HNMR spectroscopic chemical shifts δ are reported in ppm relative
to tetramethylsilane and calibrated to the residual proton signal of the
deuterated solvent. 31P NMR spectroscopic chemical shifts are
reported in ppm relative to and calibrated to 85% H3PO4. Deuterated
solvents were obtained from Deutero Deutschland GmbH and used
as received. Elemental analyses were measured at the Laboratory for
Microanalytics at the Institute of Inorganic Chemistry at the Tech-
nische Universit€at M€unchen. ESI MS analytical measurements were
performed with isopropanol solutions on a Varian 500-MS spectro-
meter, using 70 keV in the positive ionizationmode. MALDI-ToFMS
measurements were performed on a Bruker Ultraflex ToF/ToF mass
spectrometer. All samples were prepared and run in THF solution
dithranol doped with sodium trifluoroacetate. TGA was carried
out on a Texas Instruments TGA-Q5000 with a heating rate of
10 K min!1. TGA MS measurements were performed on the same
instrument using a heating rate of 25 K min!1.
Polymerizations. Polymerizations were performed in 16 mL of

toluene, using a catalyst concentration of 0.625 mg mL!1 (10 mg of
catalyst). After dissolving the catalyst in the solvent and thermostatting
to the desired temperature, the calculated amount of monomer was
added. The reaction was stirred at the given temperature for the stated
reaction time and then quenched with MeOH (0.5 mL). The polymer
was precipitated by addition of the reaction mixture to hexane (150 mL)
and decanted from solution. Residual solvents were removed by drying
under vacuum at 70 !C overnight.
Activity Measurements. For activity measurements 21.7 μmol

(1 equiv) of the catalyst was dissolved in 20mL of toluene, and the reaction
mixture was thermostated to 30 !C. Then 2.00 mL (2.14 g, 600 equiv) of
DEVP or 2.50 g (600 equiv) of DIVP was added. During the course of
the measurement aliquots (0.5 mL) are taken and quenched by adding
to deuterated methanol (0.2 mL). The conversion was determined by
31P NMR spectroscopy. After the stated reaction time a last aliquot was
taken, and the reaction was quenched by addition of MeOH (0.5 mL).

Work-up of the polymer was carried out according to the regular
polymerizations.
Molecular Weight Determination. GPC was carried out on a

Varian LC-920 equipped with two PL Polargel columns. As eluent a
mixture of 50% THF, 50% water, and 9 g L!1 tetrabutylammonium
bromide (TBAB) was used in the case of PDEVP; for PDIVP analysis
the eluent was THF with 6 g L!1 TBAB. Absolute molecular weights
have been determined online by multiangle light scattering (MALS)
analysis using a Wyatt Dawn Heleos II in combination with a Wyatt
Optilab rEX or the integrated RI detector (356-LC) as concentra-
tion source.
Determination of the LCST. Turbidity measurements for the

determination of the cloud point were carried out with a Cary 50-UV/vis
spectrometer fromVarian with 4mL glass cuvettes and aqueous polymer
solutions of different concentrations (0.5!20mgmL!1). Using a Peltier
thermostat, the samples were heated at a rate of 1 Kmin!1 followed by a
3min waiting period to ensure thermal equilibrium. The cloud point was
determined by repeated spectrophotometric detection of the changes in
transmittance at a wavelength of 550 nm. It was defined as the
temperature corresponding to a 15% decrease in optical transmittance.
For further evaluation the results of the single experiments are averaged
and rounded to 0.5 !C.
Polymer Analogous Hydrolysis to Poly(vinylphosphonic

acid). Poly(dialkyl vinylphosphonate) was dissolved in dry dichloro-
methane (10 g L!1), 3 equiv of trimethylsilyl bromide (respective to the
ester functionalities) was added, and the resulting reaction mixture was
refluxed for 24 h. Then the volatiles were removed in vacuo, and the
residue was dissolved in a small amount of methanol (∼5 equiv) and
aqueous HCl (1 M, 4 equiv). After 2 h the reaction mixture was dried in
vacuo and purified by aqueous dialysis (100 kDa MWCO).
Thermal Treatment of Poly(vinylphosphonate)s. Poly(diethyl

vinylphosphonate) (PDEVP) or poly(diisopropyl vinylphosphonate)
(PDIVP) was heated at a rate of 20 !Cmin!1 to 350 !C and tempered for
30 min at this temperature. After cooling the corresponding poly-
(vinylphosphonic acid) was obtained as a gray solid.

Elemental analysis: PVPA: calculated (disregarding end groups): C
22.2%, H 4.66%, P 28.7%; found: from PDEVP: C 24.5%, H 4.66%, P
29.0%; from PDIVP: C 24.0%, H 4.28%, P 29.9%).

’ASSOCIATED CONTENT

bS Supporting Information. ESI and MALDI-ToF MS data
of oligomer analysis, DEVP polymerization results at 70 !C,
conversion vs reaction time diagrams for catalysts with low activity,
further 1H NMR spectra for polymer analogous hydrolysis and
thermal treatment. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Figure S1: ESI MS analysis of oligomeric PDEVP (Cp3Yb, toluene, 5 eq DEVP). 

 

 

Figure S2: MALDI-ToF MS analysis of oligomeric PDMVP (Cp3Tm, toluene, 5 eq DMVP). 
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Table S1: Identified peaks of the ESI MS analysis of PDEVP and the corresponding end groups 

Peak m/z Mol. Mass/gmol
-1 

Cation 
a
 /gmol

-1
 Monomer 

b
 Remain/gmol

-1
 End group 

417 417 23 (Na
+
) 2 66 CpH 

581 581 23 (Na
+
) 3 66 CpH 

745 745 23 (Na
+
) 4 66 CpH 

909 909 23 (Na
+
) 5 66 CpH 

1073 1073 23 (Na
+
) 6 66 CpH 

1237 1237 23 (Na
+
) 7 66 CpH 

1401 1401 23 (Na
+
) 8 66 CpH 

1565 1565 23 (Na
+
) 9 66 CpH 

1729 1729 23 (Na
+
) 10 66 CpH 

876 1752 46 (2 x Na
+
) 10 66 CpH 

958 1916 46 (2 x Na
+
) 11 66 CpH 

1040 2080 46 (2 x Na
+
) 12 66 CpH 

1122 2244 46 (2 x Na
+
) 13 66 CpH 

1204 2408 46 (2 x Na
+
) 14 66 CpH 

1286 2572 46 (2 x Na
+
) 15 66 CpH 

1368 2736 46 (2 x Na
+
) 16 66 CpH 

1450 2900 46 (2 x Na
+
) 17 66 CpH 

                                                 

a
 Ionizing cation for mass analysis 

b
 Number of DEVP repeating units 
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4 

Table S2: Identified peaks of the MALDI-ToF MS analysis of PDMVP and the corresponding end 

groups 

Peak m/z Mol. Mass/gmol
-1

 Cation 
a
 /gmol

-1
 Monomer 

b
 Remain /gmol

-1
 End-group 

1313 1313 23 (Na
+
) 9 66 CpH 

1449 1449 23 (Na
+
) 10 66 CpH 

1585 1585 23 (Na
+
) 11 66 CpH 

1721 1721 23 (Na
+
) 12 66 CpH 

1857 1857 23 (Na
+
) 13 66 CpH 

1993 1993 23 (Na
+
) 14 66 CpH 

2129 2129 23 (Na
+
) 15 66 CpH 

2266 2265 23 (Na
+
) 16 66 CpH 

2401 2401 23 (Na
+
) 17 66 CpH 

2537 2537 23 (Na
+
) 18 66 CpH 

                                                 

a
 Ionizing cation for mass analysis 

b
 Number of DMVP repeating units 
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5 

Table S3: Polymerizations of DEVP (Cp3Ln, toluene, 70 °C, monomer to catalyst ratio: 200, reaction 

time: 1 h) 

Cp3Ln Mw /kDa Mn /kDa PDI I* 
a
 /% Yield 

b
 

Lu 50 40 1.12 82 96% 

Yb 85 75 1.30 44 95% 

Tm 240 170 1.40 19 99% 

Er 240 170 1.40 19 91% 

Ho 260 185 1.41 18 91% 

Dy 270 200 1.35 16 98% 

Tb 265 200 1.35 - 
c 

69% 

Gd 230 150 1.53 - 
c 

54% 

 

 

 

                                                 

a
 I* = Mexp/Mn, I* = Initiator efficiency, Mexp: Expected molecular weight, based on living 

polymerization calculation. 

b
 Determined by weighing of the components 

c
 Not calculable due to incomplete conversion 

 



Chapter 5   

94 

 

6 

 

Figure S3: Determination of the catalytic activity of Cp3Ho (diamond, plain, TOF = 1200 h
-1

) and 

Cp3Dy (squares, short dashed, TOF = 270 h
-1

) for the polymerization of DEVP (monomer to catalyst 

ratio: 600). 

 

 

Figure S4: Determination of the catalytic activity of Cp3Er (diamond, plain, TOF = 2000 h
-1

) and Cp3Ho 

(triangles, long dashed, TOF = 500 h
-1

) for the polymerization of DIVP (monomer to catalyst ratio: 600). 
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7 

 

Figure S5: 
1
H NMR spectra in D2O of PDMVP before (red) and after (green) hydrolysis.  

 

 

Figure S6: 
1
H NMR spectra of PDIVP before (in CDCl3, red, for easier comparison this spectrum was 

shifted 0.15 ppm to higher field) and after (in D2O, green) hydrolysis. Both residual isopropyl (δ = 1.1 

and 4.5 ppm) and trimethylsilyl (δ = 0.2 ppm) side groups are visible. 
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8 

 

Figure S7: 
1
H NMR spectra of a) poly(vinylphosphonic acid) (PVPA) synthesized by thermal treatment 

(in D2O, green) of the b) corresponding poly(diisopropyl vinylphosphonate) PDIVP (in CDCl3, red, for 

easier comparison this spectrum was shifted 0.15 ppm to higher field). 
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CHAPTER 6: 

 

SURFACE-INITIATED GROUP TRANSFER 

POLYMERIZATION MEDIATED BY                                      

RARE EARTH METAL CATALYSTS  

 

 

 

 

 

 

 

 

“Daring ideas are like chessmen moved forward; 

 they may be beaten, but they may start a winning game.” 

 
- Johann Wolfgang von Goethe (1749-1832) 
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Content: 

This chapter presents a new possibility for the perfect decoration of surfaces with dense 

polymer brushes of specific functionality – surface-initiated group transfer polymerization 

mediated by rare earth metal catalysts. This experimentally facile method allows rapid 

grafting of polymer brushes with a thickness of more than 150 nm in less than 5 min at room 

temperature.  

SI-GTP follows a two-step method for which the rare earth metal catalyst is first reacted with 

a pre-formed binding layer containing methacrylate functionalities (or other suitable binding 

sites), e.g. poly(ethylene glycol dimethacrylate), which then serves as an efficient initiator for 

a subsequent SI-GTP of Michael acceptor-type monomers, e.g. MMA or DAVP. SI-GTP is 

not only suitable to common (meth)acrylic monomers, but also to a variety functional 

monomers, which cannot be polymerized by other surface-initiated polymerizations. Thus, 

SI-GTP widens the range of accessible functional polymer brushes, e.g. the method gives 

access to both thermoresponsive PDEVP and proton-conducting PVPA brush layers. 
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Surface-Initiated Group Transfer Polymerization Mediated by Rare
Earth Metal Catalysts
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Germany

*S Supporting Information

ABSTRACT: We present the first example of a surface-
initiated group transfer polymerization (SI-GTP) mediated
by rare earth metal catalysts for polymer brush synthesis.
The experimentally facile method allows rapid grafting of
polymer brushes with a thickness of >150 nm in <5 min at
room temperature. We show the preparation of common
poly(methacrylate) brushes and demonstrate that SI-GTP
is a versatile route for the preparation of novel polymer
brushes. The method gives access to both thermores-
ponsive and proton-conducting brush layers.

R are-earth-metal-mediated group transfer polymerization
(GTP) was first reported by Yasuda et al. in 1992.1 In

view of the polymerization mechanism, it is also referred to as
coordinative-anionic addition polymerization.2 Over the past
decades, intensive research has been carried out to optimize the
reaction conditions and initiator efficiency and to broaden its
use for a variety of monomers, e.g. different (meth)acrylates
and (meth)acrylamides.2,3 Due to its highly living character,
rare earth (RE) metal-mediated GTP gives strictly linear
polymers with very low dispersity (characterically <1.10),
exhibits a linear increase in average molar mass upon monomer
conversion, and allows the synthesis of block copolymers as
well as the introduction of chain end functionalities.2,4

Coordination of the growing chain end at the catalyst
suppresses side reactions and allows stereospecific polymer-
ization as well as activity optimization by variation of both the
metal center and the catalyst ligand sphere.2,5 RE metal-
mediated GTP is applicable to common acrylic monomers as
well as to several functional monomers of interest, i.e. dialkyl
vinylphosphonates (DAVP) and 2-vinylpyridine.6,7,37,38 Such
monomers are of specific interest for the modification of solids
for biomedical applications.
Until now, almost all polymerization types have been

transferred to surface-initiated (SI) polymerizations to prepare
dense polymer brushes. This spans tolerant free radical
polymerization yielding less defined brushes to nontolerant
but highly defined living cationic and anionic polymer-
izations.8−21 Controlled radical polymerizations have been
especially intensively studied in regard to their implementation
for surface modification, as they are relatively tolerant toward
impurities but allow the synthesis of quite defined polymer
brushes.22 For instance, surface-initiated atom transfer radical

polymerization (SI-ATRP) gained great interest, as it can be
performed even at room temperature (rt) in aqueous
solution.23 However, to our knowledge, SI-GTP mediated by
RE metals has not been employed yet, although it combines the
advantages of both living ionic and coordinative polymer-
izations and would give access to several new polymer brush
coatings that cannot be realized by current techniques. The
most intriguing are poly(vinylphosphonate)s and other
phosphorus-containing polymers. As coatings, they have
attracted interest due to their halogen-free flame retardation
and proton-conducting properties.24−27 Because of the low
toxicity,28 much attention has recently been drawn to their use
in biomedical applications such as nonfouling coatings,29,30

tissue engineering,31 drug delivery systems,32 and cell
proliferation.33 However, only RE metal-mediated GTP allows
the well-controlled polymerization of vinylphosphonates, as
radical and classical anionic approaches result in low yields of
polymer with unsatisfying degrees of polymerization.34−36

Here, we present the first example of SI-GTP mediated by
RE metal catalysts. SI-GTP is applicable to the polymerization
of common acrylic monomers such as methyl methacrylate
(MMA) as well as special functional monomers such as DAVP.
It is experimentally facile and can be performed at rt, and
polymer layer thicknesses up to 300 nm can be achieved within
a few minutes at rt.
We recently reported on the synthesis of PMMA−poly-

(diethyl vinylphosphonate) (PDEVP) block copolymers using
simple ytterbium complexes through a living GTP mecha-
nism.37 For the translation of GTP to a defined SI-GTP, we
first followed the established strategy and employed self-
assembled monolayers (SAMs) of 3-(trimethoxysilyl)propyl
methacrylate (TMSPM) on oxidized silicon (Scheme 1a).
Upon addition of bis(cyclopentadienyl)methylytterbium
(Cp2YbMe), a highly active enolate initiating species is formed
(Scheme 1) for SI-GTP with added vinyl monomers. The
reaction mechanism for GTP of (meth)acrylates and DAVP has
been previously outlined in detail.1,2,38 In brief, the surface-
bound enolate is transferred to a monomer coordinated at the
Yb catalyst, and successive chain growth occurs via repeated
conjugate addition over an eight-membered-ring intermediate
(Scheme 1c).
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However, after attempted SI-GTP with MMA or DAVP and
thorough removal of physisorbed polymer and remaining
catalyst residues using different solvents under ultrasonication,
AFM measurements reveal a relatively rough and inhomoge-
neous surface topography, indicating insufficient coverage of
the substrate by the polymeric layer (Supporting Information).
The only partial SI-GTP may be due to the fact that the dense
and rigid SAM initiator limits the accessibility of the terminal
methacrylate moieties for the bulky Cp2YbMe. Moreover, the
close packing facilitates an in-plane topopolymerization via
GTP of the surface-bound methacrylate functionalities in the
organized monolayer (Scheme 1a). Hence, the consumption of
surface methacrylic moieties does not allow the formation of a
reactive monolayer of the enolate initiating species.
To cope with this problem, the precoating layer should offer

high surface coverage of the catalyst binding sites, which are
prone to in-plane topopolymerization. This can be realized by a
thin cross-linked polymer precoating with embedded but
isolated (meth)acrylate units. A facile and direct approach for
the synthesis of such binding layers is the self-initiated
photografting and photopolymerization (SI-PGP) of, e.g.,
ethylene glycol dimethacrylate (EGDM) on hydrogen-termi-
nated silicon.
First, H-terminated silicon substrates were prepared by

means of oxide layer stripping using hydrofluoric acid and
subsequently irradiated by UV light [spectral distribution
between 300 and 400 nm (λmax = 350 nm) in bulk EGDM]. UV
irradiation of ∼350 nm without oxygen and solvents results in
direct grafting of unsaturated compounds by formation of
stable Si−C bonds via photoactivated hydrosilylation.39−42

Moreover, the (meth)acrylate units can also undergo polymer-
ization via the SI-PGP mechanism via H-abstraction from the
Si−H surface as well as from C−H moieties of already grafted
EGDM.43−48 Because of the low bond dissociation energy of
Si−H,49 direct grafting is likely by both mechanisms, and recent
findings by some of us indicate the occurrence of both grafting
reaction mechanisms.44 In any case, surface dangling bonds are
created and responsible for efficient surface grafting of EGDM,
resulting in a cross-linked PEGDM network film grafted to
silicon via Si−C bonds of superior thermal and chemical

stability.50 To our knowledge, this is also the first example of
direct photografting of polymers onto H-terminated silicon.
After UV irradiation, the substrate was rigorously cleaned

(ultrasonication in several solvents with different polarities) to
ensure that only chemically grafted polymer remains on the
substrate. The successful grafting of PEGDM was confirmed by
IR spectroscopy (Figure 1). The strong bands around 1730 and
1164 cm−1 are assigned to the CO and CO stretching
modes. A weak band at 1630 cm−1 assigned to the CC
stretching mode indicates that some of the methacrylate groups
were preserved after photografting, which is crucial for catalyst
immobilization. Cp2YbMe was added to the PEGDM-modified
silicon substrate to react with the remaining methacrylate
functionalities to give the active initiating species for SI-GTP.

Scheme 1. Preparation of Precoating Layer, Ytterbocene Catalyst Immobilization, and Subsequent SI-GTP of MMA or DAVP
from (a) a TMSPM Monolayer and (b) a PEGDM Film on Silicon Wafer; (c) Molecular Structure of MMA and DAVP, and SI-
GTP Reaction Mechanism for Initiation and Chain Growth

Figure 1. IR spectra of poly(ethylene glycol dimethacrylate)
[PEGDM], poly(ethylene glycol dimethacrylate-graf t-diethyl vinyl-
phosphonate) [P(EGDM-g-DEVP)], poly(ethylene glycol dimetha-
crylate-graf t-vinylphosphonic acid) [P(EGDM-g-VPA)], and poly-
(ethylene glycol dimethacrylate-graf t-methyl methacrylate) [P-
(EGDM-g-MMA)] brushes on a silicon wafer.
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Using Cp2YbMe as the catalyst and silicon coated with a 29
± 6 nm (after 30 min UV irradiation) PEGDM primer layer,
SI-GTP of diethyl vinylphosphonate (DEVP) results in an
almost linear layer thickness increase with a constant growth
rate of 26.5 nm/min (Figure 2). This rapid, constant growth
rate is expected for a living SI-GTP.37 AFM measurements also
revealed homogeneous coverage of the entire substrate. The
successful surface polymerization of DEVP was confirmed by
IR spectroscopy (Figure 1). The 1630 cm−1 band assigned to
the CC stretching mode disappears completely, and a new
intensive band at 1228 cm−1 is observed, characteristic for the
PO stretching mode of poly(vinylphosphonate)s. Formation
of the PEGDM layer, immobilization of Yb, and formation of
PDEVP brushes were further corroborated by systematic XPS
measurements (Supporting Information).
Besides poly(vinylphosphonate)s, the current method is

applicable to other monomers polymerizable by GTP. To
demonstrate the general applicability of the method, SI-GTP of
MMA was performed following the above-described procedure,
resulting in very uniform PMMA brushes with a layer thickness
of 316 nm within only 5 min at rt (Supporting Information).
The remarkably high and constant layer growth rate of 57 nm/
min and final layer thickness make SI-GTP an interesting
alternative to SI-ATRP. The successful formation of PMMA
brushes was confirmed by IR spectroscopy. As shown in Figure
1, upon SI-GTP of MMA on the PEGDM precoating layer, a
new band arises at 1485−1449 cm−1, assignable to the typical
CH3−O stretching mode of PMMA.
So far, we have successfully prepared poly(dimethyl, diethyl,

and di-n-propyl vinylphosphonate) (PDMVP, PDEVP, and
PDPVP, respectively) brushes on H-terminated silicon. The
influence of the polymer pendant alkyl chain length on the
hydrophilic/hydrophobic character of the polymer layer was
investigated by contact angle (CA) measurements (Figure 3).

The hydrophilic PDMVP gave a static water CA of 17 ± 3°,
while the more hydrophobic PDPVP displayed a CA of 76 ±

2°. PDEVP displays a lower critical solution temperature of
40−46 °C, depending on molar mass and concentration.38 The
PDEVP-modified substrate was found to have a static water CA
of 44 ± 2° at rt that increased to 66 ± 2° upon heating to 50
°C. The prepared PDMVP, PDPVP, and temperature-
responsive PDEVP brushes have potential applications as
bacterial, protein, peptide, and cell adhesion mediators and are
first candidates for the study of (bio)mineralization in confined
geometries.51

It was previously reported that poly(vinylphosphonate)s
could be converted to poly(vinylphosphonic acid) (PVPA) by
hydrolysis under mild conditions.38 In this work, PVPA brushes
were obtained analogously by treatment with trimethylsilyl
bromide and successive HCl treatment to cleave the pendant
alkyl groups from PDEVP brushes. The formation of PVPA
brushes is apparent from the shift of the PO stretching mode
from 1228 to 1153 cm−1 (Figure 1) and is in agreement with
previous reports.52,53 The hydrolysis of a 120 nm P(EGDM-g-
DEVP) layer resulted in an 88 nm P(EGDM-g-VPA) film
(Figure 4). The thickness decrease is ascribed to material loss
after cleavage of the alkyl groups.

In summary, we have demonstrated a two-step method to
efficiently prepare PMMA and PDAVP brushes using surface-
initiated group transfer polymerization mediated by rare earth
metal catalysts. First, a PEGDM network is prepared by
photohydrosilylation/SI-PGP of EGDM directly on hydrogen-
terminated silicon. The preserved methacrylate groups can be
reacted with bis(cyclopentadienyl)methylytterbium, serving as
efficient initiators for the successive SI-GTP of (meth)acrylates

Figure 2. Three-dimensional representation of AFM scans of a
PEGDM film on a silicon wafer and polymer brushes after SI-GTP of
DEVP. (a) SI-PGP of EGDM for 30 min gives a PEGDM film with a
thickness of 29 ± 6 nm. (b−e) SI-GTP of DEVP on the same
substrate after 1, 2, 3, and 4 min results in 51 ± 11, 73 ± 9, 104 ± 11,
and 146 ± 12 nm polymer brush layers, respectively. (f) P(EGDM-g-
DEVP) layer thickness as a function of SI-GTP time.

Figure 3. Molecular structure of poly(dialkyl vinylphosphonate)s
(PDAVP) (d) and static water contact angle (CA) on different
PDAVP coatings on silicon substrates at different temperatures. (a−c)
CA of PDMVP, PDEVP, and PDPVP brushes at 25 °C. (e) CA of
PDEVP brush at 50 °C.

Figure 4. (a) Conversion from PDEVP to PVPA brushes by hydrolysis
reaction. (b) AFM height images and section views along the indicated
lines before and after reaction with TMSBr/HCl.
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or dialkyl vinylphosphonates forming polymer brushes.
Remarkably fast and almost constant polymer layer thickness
growth rates of 57 and 26.5 nm/min were found for MMA and
DEVP, respectively. The method is applicable to functional
monomers that cannot be polymerized by other surface-
initiated polymerizations and thus widens the range of
accessible functional polymer brushes. Moreover, we show
the preparation of functional thermoresponsive PDEVP
brushes. Poly(vinylphosphonic acid) is now easily accessible
under mild conditions. The nontoxic and thermoswitchable
surfaces are of great interest for diverse biological and medical
applications, including controlled cell growth and cell release
from surfaces as well as proton conducting films.
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Materials and methods 

Chemicals were purchased from Aldrich or Acros and used without further treatment 

if not otherwise stated. All reactions were carried out under argon atmosphere using 

standard Schlenk techniques or a MBraun glovebox. All glassware was heat-dried 

under vacuum prior to use. Toluene was dried applying a MBraun SPS-800 and used 

as received. Tetrahydrofurane (THF) was distilled over potassium prior to use. 

Cp2YbMe, diethyl-and di-n-propyl vinylphosphonates were prepared according to 

literature.
 1,2,3,4  Infrared spectroscopy (IR) was performed using an Vertex 70 Bruker 

instrument equipped with a diffuse reflectance infrared Fourier transform (DRIFT) 

setup from SpectraTech and a mercury-cadmium-telluride (MCT) detector. For each 

spectrum, 100 scans were accumulated with a spectral resolution of 4 cm
-1

. 

Background spectra were recorded on bare silicon substrates. Atomic force 

microscopy (AFM) scans were obtained with a Nanoscope IIIa scanning probe 

microscope from Veeco Instruments (Mannheim, Germany). The microscope was 

operated in tapping mode using Si cantilevers with a resonance frequency of 270 kHz, 

a driving amplitude of 1.52 V at a scan rate of 0.4 Hz. The water contact angles were 

determined with a full-automated Krüss DSA 10 Mk2 contact angle goniometer and three 

points were measured on each surface. The data were obtained with the aid of the Krüss 

Drop Shape Analysis v3 software package. X-ray Photoelectron Spectroscopy (XPS) 

measurements were performed under ultrahigh-vacuum conditions (5.0 × 10-9 mbar) 

using an Mg Kα radiation and a Specs Phoibos 100 hemispherical analyzer equipped 

with an MCD-5 detector. All spectra were recorded with a pass energy of 25 eV and a 

takeoff angle of 0°.  

 

Synthesis and characterization 

Poly(ethylene glycol dimethacrylate) PEGDM layer. A silicon wafer piece with a 

native oxide layer was first cleaned with a Piranha solution (H2O2 (35wt. %)/H2SO4 = 

1/3). The substrates were placed in a plastic vial with a 5 wt. % HF aqueous solution 

for 5 min for oxide layer stripping. After thorough rinsing with Millipore water and 

later ethanol, the substrates were submerged in degassed bulk ethylene glycol 

dimethacrylate (EGDM) for UV irradiation in a photoreaction tube (Duran). The 
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reaction was allowed to proceed for maximum 40 min to avoid bulk gelation. The 

samples were then thoroughly cleaned in different solvents of suitable polarity and 

under constant ultrasonication to remove unreacted monomer and only physisorbed 

polymers. 

 

Figure S1. XPS survey scan of thin PEGDM network (thickness ≈ 5nm, after 20min 

UV grafting polymerization) on hydrogen terminated silicon substrate. 

 

Poly(ethylene glycol dimethacrylate-graft-methyl methacrylate) P(EGDM-g-

MMA) brushes and Poly(ethylene glycol dimethacrylate-graft-dialkyl 

vinylphosphonate) P(EGDM-g-DAVP). A PEGDM modified silicon substrate was 

placed in a solution of 1 mg bis(cyclopentadienyl) methyl ytterbium (Cp2YbMe) in 3 

mL toluene for 1h at room temperature (Figure S3, XPS). Subsequently, 1000 

equivalents of methyl methacrylate (MMA) (Figure S2, AFM) or dialkyl 

vinylphosphonate (DAVP) i.e. dimethyl vinylphosphonate (DMVP), diethyl 

vinylphosphonate (DEVP) (Figure S4, XPS), and di-n-propyl vinylphosphonate 

(DPVP) were added to perform surface-initited group transfer polymerization (SI-

GTP). The reaction was terminated with an excess of methanol. The samples were 

removed and thoroughly cleaned by ultrasonication in toluene, ethanol and finally 
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Millipore water for 2 minutes each to remove monomer, physisorbed polymer and 

residue. 

 

Figure S2. a) AFM 3D view of a 316±13nm thick P(EGDM-g-MMA) brush after 

5minute GTP of MMA on a 29nm (after 30min UV irradiation) thick PEGDM layer.  

 

 

Figure S3. XPS survey scan of a 5nm thick PEGDM network on a hydrogen 

terminated silicon substrate. (after reacted with Cp2YbMe) 
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Figure S4. XPS survey scan of P(EGDM-g-DEVP) brush (from a 5nm thick PEGDM 

layer) on hydrogen terminated silicon substrate. 

 

PDEVP brushes on 3-(trimethoxysilyl) propyl methacrylate (TMSPM) 

monolayer. The self-assembled monolayer of 3-(trimethoxysilyl) propyl methacrylate 

(TMSPM) were prepared by the silanization of TMSPM on the oxidized silicon wafer. 

Successively, Cp2YbMe was attached to the surface by reaction with the methacrylate 

groups, enabling a subsequent surface-initiated polymerization of vinylphosphonate 

monomers (Figure S5). 

 

Figure S5. Initiation of the Cp2YbMe-induced polymerization of DEVP on TMSPM 

self-assembled monolayer on silicon wafer. 
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Figure S6. XPS survey scan of TMSPM monolayer on a silicon/silicon dioxide 

substrate. 

 

 

Figure S7. XPS survey scan of TMSPM monolayer on a silicon/silicon dioxide 

substrate after reaction with Cp2YbMe. 
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Figure S8. a) AFM scan and section view, and b) XPS survey scan of a PDEVP brush 

on 3-(trimethoxysilyl)propyl methacrylate (TMSPM) modified silicon substrate.  
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CHAPTER 7: 

 

POLY(VINYLPHOSPHONATE)S WITH WIDELY TUNEABLE 

LCST: A PROMISING ALTERNATIVE TO CONVENTIONAL 

THERMORESPONSIVE POLYMERS  

 

 

 

 

 

 

“Insanity: doing the same thing over and over again and expecting different results.” 

 
- Albert Einstein (1879-1955) 
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Content: 

This chapter presents a detailed evaluation of statistical rare earth metal-mediated dialkyl 

vinylphosphonate copolymerizations and of the thermosresponsive behavior of the resulting 

(co)polymers. Evaluation of the copolymerization parameters from activity measurements 

have shown the formation of nearly perfectly random copolymers (i.e. r1, r2 ~ 1). In view of 

the pronounced dependence of the polymerization rate of DAVP homopolymerizations on the 

phosphonate side chains, this observation indicates that the propagation rate of 

vinylphosphonate REM-GTP is mainly determined by the steric demand of the growing 

polymer chain end, not by the added monomer. 

The obtained random copolymers of DEVP and dimethyl or di-n-propyl vinylphosphonate 

exhibit thermoresponsive properties, i.e. having an LCST which can be tuned in a wide range 

by controlling the feed ratio of the comonomers. Hereby, the LCST correlates linearly with 

content of hydrophilic and hydrophobic comonomer. The LCST phase diagram of aqueous 

PDEVP solutions shows, in combination with DSC analysis, the occurrence of a coil−globule 

transition mechanism. According to the absence of hydrogen bond donors, a sharp and 

reversible phase transition was observed, exhibiting a remarkably small dependence of the 

thermoresponsiveness on additives and polymer concentration. In combination with its 

biocompatibility, these features make PDAVP an interesting alternative compared to 

established thermoresponsive polymers. 
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ABSTRACT: Novel statistic copolymers of dialkyl vinylphosph-
onates have been synthesized via rare earth metal-mediated group
transfer polymerization using easily accessible tris-
(cyclopentadienyl)ytterbium. The copolymerization parameters
have been determined by activity measurements showing the
formation of almost perfectly random copolymers (r1, r2 ∼ 1).
Thus, the polymerization rate of vinylphosphonate GTP is mainly
limited by the steric demand of growing polymer chain end. The
obtained copolymers of diethyl vinylphosphonate and dimethyl
or di-n-propyl vinylphosphonate show thermoresponsive proper-
ties, i.e., exhibit a tunable lower critical solution temperature following a coil−globule transition mechanism, with cloud points
between 5 and 92 °C. Hereby, the LCST can be precisely adjusted by varying the comonomer composition and correlates
linearly with the content of hydrophilic/hydrophobic comonomer. These thermoresponsive poly(vinylphosphonate)s, exhibiting
a sharp and reversible phase transition, and minor environmental effects such as concentration and additives on their cloud point,
are promising candidates in biomedical applications.

■ INTRODUCTION

During the past decades, phosphorus-containing polymers
including poly(phosphate ester)s, poly(phosphazene)s, poly-
(phosphonic acid)s, and poly(phosphonate)s have received
wide interest due to their flame-retardant properties,1 proton
conductivity,2−4 and commercial use as a binder in bone and
dental concrete.5 Recently, much attention has been drawn to
the investigation of these polymers in biomedical applications
such as drug and gene delivery,6 tissue engineering,7 and
temperature-controlled cell growth and release from polymer-
coated surfaces.6 Nevertheless, in spite of the intriguing
potential applications, the development of phosphorus-
containing polymers is mainly limited by the absence of
efficient synthetic strategies; for instance, poly(vinyl-
phosphonate)s prepared by radical and ionic approaches
mostly resulted in low yields and degrees of polymerization.8−10

Very recently, our group and other researchers found that
poly(dialkyl vinylphosphonate)s (PDAVP) with high and
defined molar mass as well as low polydispersity can be
synthesized, not only in bulk11−13 but also on silicon
substrate,10,14 in the presence of rare earth metal complexes.
For a variety of applications, polymers that possess reversible

and controllable thermoresponsive properties are highly
demanded, e.g., for controlled drug delivery,15 cell growth/
release,16 or thermoresponsive chromatography using a
polymer-modified stationary phase.17−22 This thermal response
is expressed by a solubility transition upon changes in
temperature. The most prominent representative of these

thermoresponsive polymers, poly(N-isopropylacrylamide)
(PNIPAM), shows a lower critical solution temperature
(LCST) close to body temperature (32 °C) with a relatively
small dependence of the cloud point on changes in
concentration, pH, or ionic strength.23,24 Moreover, the
LCST can be regulated above and below 37 °C by
incorporation of comonomer units rendering PNIPAM-based
materials particularly suitable for a variety of bioapplica-
tions.25−27 However, the pronounced hysteresis in its phase
transition28 − due to the formation of inter- and intramolecular
hydrogen bonds in the collapsed state delaying the hydration of
PNIPAM during cooling29 − may impair its application, in
particular in cases requiring a fast response. Other poly(N,N-
dialkylacrylamides)30,31 such as poly(N,N-diethylacrylamide)
(PDEAM), having a similar monomer molar mass and LCST in
comparison to PNIPAM, nevertheless, exhibit no such
hysteresis in their phase transition due to the lack of hydrogen
bond donors.32 For poly(ethylene glycol) (PEG), another
thermosresponsive polymer widely used in the biomedical field,
the cloud point can be adjusted in a wide range by varying the
composition, molecular structure, polymer architecture (e.g.,
main chain or side chain PEG), and copolymerization of
(meth)acrylate comonomers bearing PEG chains of different
length.34 In spite of its tunable thermoresponsiveness, large
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success in commercialization, and its biocompatibility, this
polymer may lose its biocompatibility in complex biological
fluids or in salt water media and can undergo oxidative
degradation leading to chain scission.33−36 Within the past
decades, a variety of alternative thermoresponsive polymers
such as poly((alkylamino) methacrylate),37 poly(vinyl
alkyl ether),38 poly(N-vinylcaprolactam)s,39 or poly(2-oxa-
zoline)s40,57 have been presented. Few of these homopolymers
show an LCST satisfactory close to body temperature,41,42 such
as PNIPAM. Copolymerization of monomers with different
hydrophilicity is widely adopted in order to obtain a desired
LCST, however, often resulting in gradient copolymers, which
tend to assemble into complex nanostructures43 or micelles and
therefore exhibit a prolonged or irreversible phase transi-
tion.42,44−46,54,55 Thus, further development of alternative
thermoresponsive polymers, which combine biocompatibility,
thermoresponsiveness which is less dependent on environ-
mental parameters, a reversible phase transition without
hysteresis, and the possibility to synthesize random copolymers,
is of substantial importance.
The improved synthetic methodology reported recently and

the low toxicity of PDAVP47 have made this polymer class a
promising alternative to conventional PNIPAM and PEG. It
was reported by our group that poly(diethyl vinylphosphonate)
(PDEVP) homopolymer prepared by group transfer polymer-
ization using rare earth metal complexes is amphiphilic, and its
aqueous solutions exhibit a cloud point of 40−46 °C,
depending on molar mass and concentration.12

Herein, we present our recent progress in the efficient
synthesis of novel statistic copolymers of dialkyl vinyl-
phosphonates (DAVP) through living rare earth metal-
mediated group transfer polymerization (REM-GTP). The
REM-GTP kinetics of DAVP copolymerization as well as the
thermoresponsiveness of the obtained polymers are inves-
tigated.

■ EXPERIMENTAL SECTION

Materials and Methods. Chemicals were purchased from Sigma-
Aldrich or Acros Organics and used without further purification if not
otherwise stated. Phosphate buffered saline (PBS) (1.06 mM
NaH2PO4, 5.6 mM Na2HPO4, and 154 mM NaCl, pH 7.4) was
purchased from Lonza Walkersville, Inc. Fetal bovine serum, Qualified,
US Origin, was purchased from Invitrogen. All reactions were carried
out under an argon atmosphere using standard Schlenk techniques or
an MBRAUN glovebox. All glassware was heat-dried under vacuum
prior to use. Toluene was dried applying an MBRAUN SPS-800 and
used as received. Dimethyl vinylphosphonate (DMVP) was purchased
from Alpha-Aesar. NMR spectra were recorded on a Bruker ARX-300
or AV-500C spectrometer. 1H NMR chemical shifts δ are reported in
ppm relative to tetramethylsilane and calibrated by the residual proton
signal of the deuterated solvent. 31P NMR chemical shifts are reported
relative to and calibrated by the external standard 85% aqueous
phosphoric acid. Deuterated solvents were obtained from Deutero
Deutschland GmbH or Eurisotop. Energy dispersive X-ray spectros-
copy (EDX) analysis was performed on a Hitachi TM-1000 on copper
foil. DSC measurements of aqueous poly(vinylphosphonate) solutions
were carried out on a TA Instruments DSC-Q2000 with a polymer
concentration of 30 wt % and heating rates of 2, 10, and 40 K/min.
Synthesis. Tris(cyclopentadienyl)ytterbium, diethyl vinylphosph-

onate (DEVP), and di-n-propyl vinylphosphonate (DPVP) were
prepared according to previous literature.47−49

DEVP, 1H NMR (300 MHz, CDCl3, 7.26 ppm): 1.09 (t, 6H,
−CH3), 3.81−3.89 (m, 4H, −CH2−O), 5.78−6.10 (m, 3H, CH2

CH−). 31P (202 MHz, MeOD, ppm): 17.72.
DPVP, 1H NMR (300 MHz, CDCl3, 7.26 ppm): 0.95 (t, 6H,

−CH3), 1.62−1.78 (m, 4H, CH3CH2CH2−O), 3.94−4.01 (q, 4 H,

CH3CH2CH2−O), 6.00−6.31 (m, 3H, CH2CH−). 31P (202 MHz,
MeOD, ppm): 17.82.

Polymerizations. All polymerizations have been performed in
toluene, using a catalyst concentration of 0.2 mg/mL. After dissolving
the catalyst at room temperature (25 °C), the calculated amount of
monomer is added. The mixture is stirred for the stated reaction time
and the polymerization terminated by addition of 0.5 mL of methanol.
The polymer is precipitated by pouring the reaction mixture into 150
mL of hexane and subsequently dried in a vacuum oven at 70 °C. EDX
analysis of obtained polymers was performed to verify the presence of
residual catalyst, and no Yb signal could be detected.

Poly(dimethyl vinylphosphonate-co-diethyl vinylphosphonate)
(P(DMVP-co-DEVP)). 1H NMR (300 MHz, D2O, 4.79 ppm): 1.36
(b, −CH2CH3 from DEVP), 1.98−2.40 (b, −CH2CH(CH2)−P from
backbone), 2.40−2.80 (b, −CH2CH(CH2)−P− from backbone),
3.82−3.85 (b, −CH3 from DMVP), 4.18 (b, −CH2CH3 from DEVP).

Poly(diethyl vinylphosphonate-co-di-n-propyl vinylphospho-
nate) (P(DEVP-co-DPVP)). 1H NMR (300 MHz, D2O, 4.79 ppm):
0.99 (b, −CH2CH2CH3 from DPVP), 1.38 (b, −CH2CH3 from
DEVP), 1.74 (b, −CH2CH2CH3 from DPVP), 1.98−2.44 (b,
−CH 2CH(CH 2 )−P f r om bac kbone ) , 2 . 4 6−2 . 90 (b ,
−CH2CH(CH2)−P− from backbone), 4.09 (b, −CH2CH2CH3 from
DPVP), 4.21 (b, −CH2CH3 from DEVP).

Activity Measurements. For activity measurements, 16.3 μmol (6
mg) of tris(cyclopentadienyl)ytterbium is dissolved in 30 mL of
toluene at room temperature. For homopolymerization, the calculated
amount of monomer for a monomer-to-catalyst ratio of 500 (1.109 g
of DMVP or 1.337 g of DEVP or 1.565 g of DPVP) is added. For
copolymerization, the total monomer-to-catalyst ratio is set to 500.
During the course of the measurement, aliquots of 0.5 mL are taken
and quenched by adding to 0.2 mL of deuterated methanol. The
reaction is carried out in an MBRAUN glovebox in order to take
samples every 10−30 s at the beginning of the measurement. After the
stated reaction time, a last aliquot is taken and the reaction terminated
by addition of 0.5 mL of methanol. The (co)monomer conversion is
then calculated from 31P NMR spectra by integration of the
phosphorus signals of the respective remaining monomers (17.72
ppm for DEVP, 17.82 ppm for DPVP, 20.55 ppm for DMVP) and the
overall polymer integration of the region of 32−37 ppm (31P NMR
spectroscopic chemical shifts of the respective polymers in MeOD:
32.38−34.05 ppm for PDPVP, 32.56−34.25 ppm for PDEVP, and
34.91−36.76 ppm for PDMVP).

Molecular Weight Determination. GPC was carried out on a
Varian LC-920 equipped with two analytical PL Polargel M columns.
As eluent, a mixture of 50% THF, 50% water, and 9 g/L
tetrabutylammonium bromide was used in the case of PDMVP,
PDEVP, and copolymers. For analysis of PDPVP, the eluent was a
solution made of 100% THF with 6 g/L tetrabutylammonium
bromide. Absolute molecular weights have been determined by
multiangle light scattering (MALS) analysis using a Wyatt Dawn
Heleos II in combination with a Wyatt Optilab rEX as concentration
source.

Determination of the Cloud Points. Turbidity measurements
were carried out on a Cary 50 UV−vis spectrophotometer from
Varian. The cloud point was determined by spectrophotometric
detection of the changes in transmittance at λ = 500 nm of the
aqueous polymer solutions. The heating/cooling rate was 1.0 K/min in
steps of 1 K followed by a 5 min period of constant temperature to
ensure equilibration. For determination of the transition hysteresis,
equilibration periods of 3, 1.5, 0.75, 0.5, and 0.25 min or no
equilibration period was used. The cloud point was defined as the
temperature corresponding to a 10% decrease in optical transmittance.

■ RESULTS AND DISCUSSION

Random Copolymerization of Dialkyl Vinylphospho-
nates. It was previously reported by our group that dialkyl
vinylphosphonates (DAVP, alkyl: methyl, ethyl, n-propyl,
isopropyl) could be efficiently polymerized in the presence of
rare earth metallocenes through a group transfer polymerization

Macromolecules Article
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(GTP) mechanism.12,14 As a living-type polymerization, rare
earth metal-mediated GTP allows the synthesis of polymers
with narrow polydispersity and a precise control of the
molecular weight. In previous work, we have demonstrated
the suitability of REM-GTP for the block copolymerization of
vinylphosphonates with other monomers suitable for this
technique, e.g., methyl methacrylate.11 In this contribution,
efficient and easily accessible tris(cyclopentadienyl)ytterbium
(Cp3Yb) is used for the homo- and statistical copolymerization
of dimethyl, diethyl, and di-n-propyl vinylphosphonate
(DMVP, DEVP, and DPVP, respectively) (Scheme 1).

Prior to copolymerization experiments, the homopolymeriza-
tions of DAVPs initiated by Cp3Yb were investigated to
determine and compare the polymerization rates for these
monomers. In accordance with our previous studies, the time-
resolved monomer conversion obtained from 31P NMR
spectroscopy revealed that DEVP is polymerized extremely
rapid and that conversion reached 100% within 3 min.12

Assuming propagation to follow first-order kinetics in
monomer concentration, the determined turnover frequency
(TOF) of 18 000 h−1 is consistent with earlier activity
measurements, for which with approximately triple monomer
concentration we observed a TOF of 59 400 h−1 (Figure 1).12

The found initiator efficiency I* of 39% is, however, in the
same range as reported values.12 We have previously shown
that Cp3Ln-initiated REM-GTP of di-isopropyl vinylphospho-
nate (DIVP) exhibits both higher initiation and lower
propagation rates in comparison to DEVP.12 Consequently,
we found that statistic copolymerization of these two
monomers gives rather poor results; only oligomeric materials
were obtained. The polymerization of DPVP proceeded slower
than for DEVP, giving a comparable TOF of 3000 h−1 to DIVP
polymerization and reaching 80% conversion in 30 min (Figure
1). However, both DPVP and DEVP polymerizations show a

distinct initiation period and similar initiator efficiencies I*

(DPVP, 27%; DEVP, 39%), indicating comparable initiation
rates. As a result, the normalized activity TOF/I* is significantly
higher for DPVP (11 000 h−1) in comparison to DIVP (5600
h−1) polymerization.
In spite of the stronger similarity between DEVP and DPVP

in comparison to DIVP polymerization, due to the yet
significant difference for the propagation rate of DEVP and
DPVP, we expected the formation of gradient copolymers.
However, as can be observed from 31P NMR spectroscopic
determination of the monomer conversion (Figure 2a) in
DEVP/DPVP statistical copolymerizations, both monomers are
consumed with very similar rate. The overall monomer
conversion rate gives TOFs between 3500 and 11 500 h−1

(initiator efficiency I* = 20−31%) (Figure 1 and Figures S1−
S4), thus in between the activity for DEVP and DPVP
homopolymerization, respectively. For determination of the
copolymerization parameters via the Finemann−Ross meth-
od,50 we used

× × −

= × × −

M M

M M r r

/ TOF /TOF (TOF /TOF 1)

( / ) TOF /TOF

1 2 2 1 1 2

1 2
2

2 1 1 2 (1)

with the residual monomer ratio at the maximum rate M1/M2

and the turnover frequencies for both monomers TOF1 and
TOF2 for determination of the copolymerization parameter r1,
and

× − =

× × − +

M M M M

r r

/ (TOF /TOF 1) ( / )

(TOF /TOF ) ( )

2 1 1 2 2 1
2

1 2 2 1 (2)

for determination of the copolymerization parameter r2. Using
this method for DEVP/DPVP statistical copolymerization, we
determined rDEVP = 1.11 and rDPVP = 0.93 (Figures S5 and S6),
showing the formation of nearly random copolymers (Figure
3a). As both monomers are converted with nearly identical rate,
the overall polymerization rate is mainly determined by the
growing poly(vinylphosphonate) chain end (DEVP and DPVP,
respectively) and not by preference of the addition of one
monomer (i.e., r1, r2 ∼ 1).
It was not possible to determine the homopolymerization

activity for the very hydrophilic DMVP. As it was shown in
earlier work, DMVP shows high reactivity but formed PDMVP
precipitates immediately after the start of the polymerization

Scheme 1. Molecular Structure of the Dialkyl
Vinylphosphonates and Their Conversion to Random
Copoly(dialkyl vinylphosphonate)s via Cp3Yb-Initiated GTP Figure 1. Determination of the catalytic activity of Cp3Yb for the

polymerization of DEVP (squares, TOF = 18 000 h−1), DPVP
(triangles, TOF = 3000 h−1), and DEVP + DPVP (circles, TOF =
3500 h−1) ([monomer]:[catalyst] = 500:1).
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from solvents suitable for REM-GTP, causing the polymer-
ization to stop.12 Therefore, only the copolymerization kinetics
of DMVP and DEVP were conducted. Though the polymer-
ization behavior of DMVP in toluene could not be determined
in detail, the copolymerization of DMVP and DEVP proceeded
smoothly up to DMVP:DEVP ratio of 3:2, due to the higher
solubility of the copolymer in toluene. Again, both monomers
are converted with similar rate giving overall TOFs between
14 900 and 36 000 h−1 and initiator efficiencies I* between 31%
and 54% (Figure 2b and Figures S7−S9). The copolymeriza-
tion parameters were determined to be rDEVP = 0.95 and rDMVP

= 1.07 (Figures S10 and S11), thus showing the formation of
even more perfectly random copolymers than observed for
DEVP/DPVP copolymerizations (Figure 3b).
NMR spectroscopy did not give insight into the obtained

comonomer sequence. 1H and 31P NMR spectroscopic signals
are too broad, and no clear assignment can be made for the
polymer backbone, whereas no effects on the 1H side chains
signals can be observed (Figures S12−S18). 13C spectra are
complicated by the 13C−31P coupling and thus do not give
elemental structure information on the monomer se-
quence.13,51,52

Rare earth metal-mediated (co)polymerization of DAVP is
believed to follow a Yasuda-type monometallic group transfer
polymerization via repeated conjugate addition over an eight-
membered ring intermediate.9 Assuming the propagation to
follow first-order kinetics in monomer concentration (as
mentioned above), the rate-limiting step is an associative
displacement of the polymer−phosphonate ester at the rare
earth center by a vinylphosphonate monomer.53 All applied

monomers are believed to exhibit similar coordination strength
between PO and Yb. Thus, the formation of nearly perfectly
random copolymers (r1, r2 ∼ 1) indicates that the polymer-
ization rate of vinylphosphonate GTP is mainly limited by the
steric demand of growing polymer chain end, not by the added
monomer.53

To gain a sharp and reversible phase transition, the observed
formation of random copolymers with uniform composition is
highly desired as gradient copolymers tend to assemble into
complex nanostructures54 or micelles and therefore often
exhibit a prolonged or irreversible phase transition.55−57

LCST Phase Diagram of Aqueous PDEVP Solutions.
We have previously conducted a first examination of the
molecular weight and concentration dependence of the cloud
point of aqueous PDEVP homopolymer solutions.11 However,
we only investigated the low concentration regime below 2.0
wt % polymer concentration. In this contribution, in order to
determine the full LCST phase diagram of poly-
(vinylphosphonate)s, we measured the cloud point for a 230
kDa (Mw) PDEVP homopolymer at concentrations between
0.04 and 67 wt % (Figure 4). According to our previous study,
for low concentrations, the cloud point was found to increase
slightly from 42 to 44 °C. In this report, between 0.5 and
10 wt %, phase separation was found to occur continuously at
42 °C. At higher concentrations, a strong increase of the cloud
point was observed (up to 71 °C at 67 wt %). In order to
evaluate environmental effects on the LCST and to study the
adjustment of the LCST by copolymerization with hydrophilic/
hydrophobic comonomers, we therefore used 1.0 wt %
solutions of the corresponding polymers. At higher concen-

Figure 2. Kinetic studies performed by 31P NMR spectroscopy showing conversion of comonomers during polymerization in toluene. (a) Initial
concentration of DEVP 0.14 mol L−1, DPVP 0.14 mol L−1, catalyst 0.54 mmol L−1. (b) Initial concentration of DMVP 0.14 mol L−1, DEVP 0.14 mol
L−1, catalyst 0.54 mmol L−1.

Figure 3. Copolymerization diagrams for (a) DEVP/DPVP and (b) DEVP/DMVP copolymerizations. The fit curves are calculated from the
copolymerization equation using the copolymerization parameters r1 and r2 as determined via the Finemann−Ross method.
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trations, particularly between 2.5 and 20 wt %, the polymer
coagulates rapidly inhibiting stirring and causing precipitation,
which complicates a reliable determination of the cloud point
by turbidimetry with the given UV−vis spectrometer setup.
The relative independence of the cloud point of aqueous
PDEVP solutions on the concentration in the range of 0.1−2
wt % (changes of a few degrees only upon strong dilution) is
similar to the behavior observed for PNIPAM and PEG in the
same concentration range.35,58 This indicates PDEVP to follow
a coil−globule phase transition mechanism, as it has been
previously shown for aqueous PNIPAM and PEG solu-
tions.35,56

Phase Separation Mechanism and Transition Hyste-
resis of PDEVP. The obtained LCST phase diagram indicates
the occurrence of a coil−globule transition mechanism rather
than liquid−liquid phase separation taking place.25,42,59 To
further support this hypothesis, we conducted DSC measure-
ments of a 30 wt % aqueous PDEVP solution at different
heating rates. A strongly endothermic process was observed
upon heating as a very sharp transition with an onset at 46 °C
(Figure 5 and Figures S19 and S20), being in good agreement

with the corresponding cloud point determined by turbi-
dimetry. For a coil−globule transition, the polymer molecules
adopt an extended coil conformation below the cloud point.
The hydrophobic effect, i.e., the negative mixing entropy upon
dissolution of the polymer, a result of the necessary orientation
of water molecules around the hydrophobic moieties of the
dissolved polymer,60,61 increases with temperature, promoting

water molecules bonding by hydrogen bonds to detach from
the polymer, allowing associative contacts between the newly
exposed hydrophobic monomer units.25,62 Thus, the observa-
tion of an endothermic phase separation by DSC analysis
reflects this cleavage of the hydrogen bonds between water
molecules and the dissolved polymer, clearly revealing the
occurrence of a coil−globule transition mechanism.
In the cooling run, a corresponding exothermic process was

observed with its onset only slightly shifted to lower
temperatures in comparison to the transition upon heating.
Even at a heating rate of 40 K/min, the observed hysteresis is
only 1.5 °C. As described for a variety of other thermores-
ponsive polymers, this minor hysteresis can be attributed to the
absence of hydrogen bond donors in PDEVP.30−32

We also evaluated the transition hysteresis by turbidimetry
using faster heating/cooling rates. Independent of the chosen
equilibration period, the transition occurred within 1−2 °C
upon heating and within 3−4 °C upon cooling, at polymer
concentrations of both 1 and 10 wt % (Figures S21 and S22).
Hereby, the transition temperature range in the cooling run was
found to not be affected by the cooling rate, whereas for the
heating cycle, a continuous increase of the cloud point was
observed for higher heating rates. This can be attributed to the
system setup using a Peltier thermostat, as above room
temperature (rt), upon heating, the desired sample temperature
is not reached fast enough. For transitions below rt, this effect is
reverse and the cooling curve is shifted to lower temperatures.
In combination with the results from DSC analysis, the absence
of an effect of the heating/cooling rate on the width of the
phase transition demonstrates the fast response of aqueous
PDEVP solutions, thus exhibiting only a very minor hysteresis.

Adjustment of the LCST of PDEVP by Copolymeriza-
tion. The cloud point of a polymer solution generally depends
on the polymer architecture (linear, star, block, etc.), its molar
mass, and concentration.12,63−66 Moreover, the statistic
copolymerization of comonomers with different hydrophilic-
ity/hydrophobicity, forming random or gradient copolymers,
allows a fine-tuning of the cloud point.67−69 As a common
feature shared by other thermoresponsive polymers, e.g.,
polyacrylamides70 and PEGs,35 the cloud point of a certain
thermoresponsive polymer increases/decreases with rising
content of introduced hydrophilic/hydrophobic moieties.
Thus, this behavior is also expected for PDAVP. Amphiphilic
PDEVP shows temperature-dependent solubility like most
water-soluble polymers. In order to achieve a wide modulation
of the thermoresponsive properties by statistic copolymeriza-
tion, DMVP was chosen as a comonomer for raising the LCST
as it represents the most hydrophilic monomer in the dialkyl
vinylphosphonates series. According to the copolymerization
studies, which have shown random copolymerization of DEVP
and DPVP, we chose DPVP as a hydrophobic comonomer for
lowering the LCST.
Copolymers of DEVP and DPVP being polymerized with

different feed ratios were obtained using the above detailed
procedure. In all cases, the conversion of both monomers
exceeded 90%, and comonomer compositions of the formed
copolymers as determined by 1H NMR spectroscopy are close
to the feed ratio (Table 1). The degree of polymerization
obtained from GPC-MALS indicates rather low initiator
efficiency (31−48%); i.e., the determined molar mass is higher
than the theoretical value as calculated from the monomer/
initiator feed ratio. This incomplete initiation is addressed to
the combination of a fast propagation with a rather slow

Figure 4. LCST phase diagram for PDEVP (Mw = 230 kDa) in
deionized water.

Figure 5. DSC experiment for 30 wt % aqueous PDEVP solution
(heating/cooling rate: 40 K/min).
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initiation reaction and is in agreement with previous studies.12

However, the molecular weight distributions are appreciably
narrow (PDI < 1.3). Similarly, copolymers of DEVP and
hydrophilic DMVP at different feed ratios were obtained in
high yields (Table 1, entries 7−9).
The thermoresponsive properties of the obtained poly-

(dialkyl vinylphosphonate)s (PDAVP) were investigated by
turbidity measurements determining the cloud points of 10
mg/mL aqueous polymer solutions. Figures 6 and 7 show the

determination of the cloud point for the DEVP-homopolymers
and DAVP-copolymers at different DPVP and DMVP content.
The cloud point of the reference PDEVP homopolymer was
found to be 42 °C. In order to apply these polymers in polymer
therapeutics, poly(vinylphosphonate)s with a cloud point in the
physiological interesting temperature region around 37 °C
might be attractive. As expected, the random copolymers of
DEVP−DPVP show adjustable cloud points ranging from 0 to
42 °C. Most of the transitions occur within 2 °C, which is
comparable to or sharper than the phase transition of PNIPAM
or PEG systems.35

PDMVP is very hydrophilic and does not show a cloud point
below 100 °C. Theoretically, the LCST of copolymers of DEVP
and DMVP should vary from 42 to 100 °C at different DMVP
content. Indeed, we found the copolymers showed a tunable
LCST at different monomer compositions. Moreover, the cloud
points of DMVP−DEVP copolymers were found to increase
linearly with the increasing DMVP molar content, from 42 °C
(at 0 mol %) to 92 °C (at 59 mol %) (Figure 8). For DEVP−
DPVP copolymers, the cloud points were found to linearly
increase with the increasing DEVP content, from 5 °C (at 51
mol %) to 42 °C (at 100 mol %) (Figure 8).

Additives Effect on the Thermoresponsive Behavior.
The described novel thermoresponsive copoly(vinyl-
phosphonate)s are very promising for biomedical applications
according to the remarkable biocompatibility of polymers
containing phosphonate moieties. A first important parameter
for biomedical applications is the influence of salts and other

Table 1. Results of the Synthesis of Polyvinylphosphonates and Characterization of the Obtained Polymers

sample feeda Mn
b (105 g/mol) I*c (%) PDIb cloud pointd (°C) composition (x:y)e

1 DE0.5:DP0.5 3.59 31 1.20 5 0.51:0.49

2 DE0.6:DP0.4 3.23 32 1.28 12 0.60:0.40

3 DE0.7:DP0.3 2.95 34 1.24 17 0.69:0.31

4 DE0.8:DP0.2 2.78 35 1.25 24 0.77:0.23

5 DE0.9:DP0.1 2.30 37 1.28 34 0.89:0.11

6 DE1.0 2.2 39 1.16 42 1.0:0

7 DE0.8:DM0.2 2.01 41 1.32 56 0.78:0.22

8 DE0.6:DM0.4 1.86 43 1.20 76 0.60:0.40

9 DE0.4:DM0.6 1.6 48 1.12 92 0.41:0.59
aBy weighing the monomer, total monomer:catalyst = 500:1. bCalculated from GPC-MALS. cI* =Mexp/(Mn × conv), I* = initiator efficiency,Mexp =
expected molecular weight, based on living polymerization calculation. dDetermined by turbidity measurement at a 10% transmittance decrease upon
heating. eCalculated from 1H NMR spectroscopy.

Figure 6. Determination of the cloud points of DEVP−DPVP
copolymers. The cloud point was determined at 10% decrease of
transmittance for a 1.0 wt % aqueous polymer solution.

Figure 7. Determination of the cloud points of DEVP−DMVP
copolymers. The cloud point was determined at 10% decrease of
transmittance for a 1.0 wt % aqueous polymer solution. Figure 8. Copolymers of DEVP and DPVP/DMVP show linear

dependence of the LCST on the comonomer content.

Macromolecules Article

dx.doi.org/10.1021/ma3019014 | Macromolecules 2012, 45, 9751−97589756

 



Chapter 7   

123 

complex media in which biological activities take place on the
thermal behavior of the polymers.18,19 Therefore, the
thermoresponsive properties of PDAVP were investigated in
the presence of additives such as sodium chloride, calcium
chloride, phosphate buffered saline (PBS), and fetal calf serum
(FCS). Figure 9 shows cloud points recorded for P(DEVP0.89-

co-DPVP0.11) in the presence of increasing amounts of sodium
chloride. A typical salting-out effect was observed. The presence
of sodium chloride leads to a partial dehydration of the
macromolecules and consequently to a decrease of the LCST.35

Nevertheless, the extent of this effect (cloud point shift = 3 °C)
is smaller than that for PEG (cloud point shift ≈ 5 °C) and
PNIPAM (cloud point shift ≈ 6 °C) systems with comparable
degree of polymerization under similar experiment condi-
tions.35 Because of the presence of phosphonate moieties, the
investigation of the calcium salts effect on the cloud point is of
specific interest. However, with a decrease of 2 °C at 20 mg/
mL CaCl2, the dependence of the cloud point on the Ca2+

concentration is similar to that on the Na+ concentration
(Figure S23). Thus, no effect additionally to the typical salting
out has been observed.
P(DEVP0.89-co-DPVP0.11) behaves similarly in PBS. For a

polymer concentration of 10 mg/mL, the cloud point in the
buffer solution is roughly 2 °C lower than in pure deionized
water, again attributed to a salting-out effect in presence of the
phosphate salt in PBS. The cloud point of the same polymer in
FCS shifts by 3 °C to 29 °C (Figure 9, inset). The slightly
lower cloud points obtained in these physiological media is in
good agreement with the cloud point decrease for PNIPAM
and PEG for the solvent change from deionized water to tris-
buffered saline.35

■ CONCLUSIONS

In this work, we demonstrated the facile statistic copolymeriza-
tion of DAVP through REM-GTP, affording copolymers with
controlled molecular weights and narrow molecular weight
distributions. Evaluation of the copolymerization parameters
has shown the formation of nearly perfectly random
copolymers (r1, r2 ∼ 1). In view of the pronounced dependence
of the polymerization rate of DAVP homopolymerizations on
the phosphonate alkyl side chains, these results indicate that the
polymerization rate of vinylphosphonate GTP is mainly limited

by the steric demand of growing polymer chain end, not by the
added monomer. The obtained co-PDAVPs exhibited thermo-
responsive properties, i.e., having an LCST which can be tuned
in a wide range by controlling the feed ratio of the
comonomers. The LCST phase diagram of aqueous PDEVP
solutions has been determined and shows, in combination with
DSC analysis, the occurrence of a coil−globule transition
mechanism. The observed sharp and reversible phase transition,
the small dependence of the thermoresponsiveness on additives
and concentration, and its biocompatibility make PDAVP an
interesting alternative compared to established thermorespon-
sive polymers. Such thermoresponsive PDAVPs are promising
candidates in biomedical applications, e.g., for controlled cell
growth and cell release, which is currently under investigation
in our laboratory.

■ ASSOCIATED CONTENT

*S Supporting Information

Activity measurements and Finemann−Ross evaluation for
determination of the copolymerization parameters, 1H and 31P
NMR spectra of homo- and co-PDAVPs, DSC analyses at 2 and
10 K/min heating/cooling rate, turbidimetric experiments at
higher heating/cooling rates, Ca2+ salt effect on the LCST. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author

*E-mail: ning.zhang@ciac.jl.cn (N.Z.); rieger@tum.de (B.R.).

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Author Contributions
§These authors contributed equally.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors thank Roche Diagnostics GmbH for financial
support. S.S. is grateful for a generous scholarship of the Fonds
der Chemischen Industrie. N.Z. thanks Changchun Institute of
Applied Chemistry for financial support.

■ REFERENCES

(1) Lu, S. Y.; Hamerton, I. Prog. Polym. Sci. 2002, 27, 1661−1712.
(2) Parvole, J.; Jannasch, P. Macromolecules 2008, 41, 3893−3903.
(3) Steininger, H.; Schuster, M.; Kreuer, K. D.; Kaltbeitzel, A.;
Bingoel, B.; Meyer, W. H.; Schauff, S.; Brunklaus, G.; Maier, J.; Spiess,
H. W. Phys. Chem. Chem. Phys. 2007, 9, 1764−1773.
(4) Wagner, T.; Manhart, A.; Deniz, N.; Kaltbeitzel, A.; Wagner, M.;
Brunklaus, G.; Meyer, W. H. Macromol. Chem. Phys. 2009, 210, 1903−
1914.
(5) Ellis, J.; Wilson, A. D. Dent. Mater. 1992, 8, 79−84.
(6) Monge., S.; Canniccioni, B.; Graillot, A.; Robin, J. Biomacromo-
lecules 2011, 12, 1973−1982.
(7) Georgieva, R.; Tsevi, R.; Kossev, K.; Kusheva, R.; Balgjiska, M.;
Petrova, R.; Tenchova, V.; Gitsov, I.; Troev, K. J. Med. Chem. 2002, 45,
5797−5801.
(8) Bingöl, B.; Hart-Smith, G.; Barner-Kowollik, C.; Wegner, G.
Macromolecules 2008, 41, 1634−1639.
(9) Bingöl, B.; Meyer, W. H.; Wagner, M.; Wegner, G. Macromol.
Rapid Commun. 2006, 27, 1719−1724.

Figure 9. Determination of cloud points of P(DEVP0.89-co-DPVP0.11)
in 1.0 wt % aqueous solution at different NaCl concentration upon
heating (inset: determination of cloud points of the same polymer in
deionized water, PBS, and FCS medium upon heating (polymer
concentration = 1.0 wt %)).

Macromolecules Article

dx.doi.org/10.1021/ma3019014 | Macromolecules 2012, 45, 9751−97589757

 



Chapter 7   

124 

(10) Salzinger, S.; Rieger, B. Macromol. Rapid Commun. 2012, 33,
1327−1345.
(11) Seemann, U. B.; Dengler, J. E.; Rieger, B. Angew. Chem., Int. Ed.
2010, 49, 3489−3491.
(12) Salzinger, S.; Seemann, U. B.; Plikhta, A.; Rieger, B.
Macromolecules 2011, 44, 5920−5927.
(13) Rabe, G. W.; Komber, H.; Haeussler, L.; Kreger, K.; Lattermann,
G. Macromolecules 2010, 43, 1178−1181.
(14) Zhang, N.; Salzinger, S.; Deubel, F.; Jordan, R.; Rieger, B. J. Am.
Chem. Soc. 2012, 134, 7333−7336.
(15) Chung, J. E.; Yokoyama, M.; Okano, T. J. Controlled Release

2000, 65, 93−103.
(16) Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Muller, M.; Ober,
C.; Stamm, M.; Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.; Urban,
M.; Winnik, F.; Zauscher, S.; Luzinov, I.; Minko, S. Nat. Mater. 2010,
9, 101−113.
(17) Kanazawa, H.; Yamamoto, K.; Matsushima, Y.; Takai, N.;
Kikuchi, A.; Sakurai, Y.; Okano, T. Anal. Chem. 1996, 68, 100−105.
(18) Ayano, E.; Kanazawa, H. J. Sep. Sci. 2006, 29, 738−749.
(19) Yagi, H.; Yamamoto, K.; Aoyagi, T. J. Chromatogr., B 2008, 876,
97−102.
(20) Nagase, K.; Kobayashi, J.; Kikuchi, A.; Akiyama, Y.; Kanazawa,
H.; Okano, T. ACS Appl. Mater. Interfaces 2012, 4, 1998−2008.
(21) Tan, I.; Roohi, F.; Titirici, M. Anal. Methods 2012, 4, 34−43.
(22) Kikuchi, A.; Okano, T. Prog. Polym. Sci. 2002, 27, 1165−1193.
(23) Rzaev, Z. M. O.; Dincęr, S.; Piskin, E. Prog. Polym. Sci. 2007, 32,
534−595.
(24) Aoshima, S.; Kanaoka, S. Adv. Polym. Sci. 2008, 210, 169−208.
(25) Schild, H. G. Prog. Polym. Sci. 1992, 17, 163−249.
(26) Schmitt, F. J.; Park, C.; Simon, J.; Ringsdorf, H.; Israelachvili, J.
Langmuir 1998, 14, 2838−2845.
(27) Yamato, M.; Utsumi, M.; Kushida, A.; Konno, C.; Kikuchi, A.;
Okano, T. Tissue Eng. 2001, 7, 473−480.
(28) Wang, X.; Qiu, X.; Wu, C. Macromolecules 1998, 31, 2972−
2976.
(29) Cheng, H.; Shen, L.; Wu, C. Macromolecules 2006, 39, 2325−
2329.
(30) Cao, Y.; Zhao, N.; Wu, K.; Zhu, X. X. Langmuir 2009, 25,
1699−1704.
(31) Aseyev, V.; Tenhu, H.; Winnik, F. M. Adv. Polym. Sci. 2011, 242,
29−89.
(32) Zhou, K.; Lu, Y.; Li, J.; Shen, L.; Zhang, G.; Xie, Z.; Wu, C.
Macromolecules 2008, 41, 8927−8931.
(33) Herold, D. A.; Keil, K.; Bruns, D. E. Biochem. Pharmacol. 1989,
38, 73−76.
(34) Lutz, J. F. J. Polym. Sci., Part A: Polym. Chem. 2008, 46, 3459−
3470.
(35) Lutz, J. F.; Akdemir, O.; Hoth, A. J. Am. Chem. Soc. 2006, 128,
13046−13047.
(36) Li, L.; Chen, S.; Jiang, S. J. Biomater. Sci., Polym. Ed. 2007, 18,
1415−1427.
(37) Yuk, S. H.; Cho, S. H.; Lee, S. H. Macromolecules 1997, 30,
6856−6859.
(38) Maeda, Y. Langmuir 2001, 17, 1737−1742.
(39) de las Heras Alarcο ́n, C.; Pennadam, S.; Alexander, C. Chem.
Soc. Rev. 2005, 34, 276−285.
(40) Zhang, N.; Huber, S.; Schulz, A.; Luxenhofer, R.; Jordan, R.
Macromolecules 2009, 42, 2215−2221.
(41) Yamamoto, K.; Serizawa, T.; Muraoka, Y.; Akashi, M.
Macromolecules 2001, 34, 8014−8020.
(42) Ajiro, H.; Takahashi, Y.; Akashi, M. Macromolecules 2012, 45,
2668−2674.
(43) Blanazs, A.; Warren, N. J.; Lewis, A. L.; Armes, S. P.; Ryan, A. J.
Soft Matter 2011, 7, 6399−6403.
(44) Lambermont Thijs, H. M. L.; Hoogenboom, R.; Fustin, C. A.;
Bomal D‘Haese, C.; Gohy, J. F.; Schubert, U. S. J. Polym. Sci., Part A:
Polym. Chem. 2009, 47, 515−522.

(45) Trinh, L. T. T.; Lambermont-Thijs, H. M. L.; Schubert, U. S.;
Hoogenboom, R.; Kjøniksen, A. L. Macromolecules 2012, 45, 4337−
4345.
(46) Salzinger, S.; Huber, S.; Jaksch, S.; Busch, P.; Jordan, R.;
Papadakis, C. M. Colloid Polym. Sci. 2012, 290, 385−400.
(47) Leute, M. PhD Thesis, Universitity of Ulm, 2007.
(48) Evans, W. J.; Dominguez, R.; Hanusa, T. P. Organometallics
1986, 5, 263−270.
(49) Ely, N. M.; Tsutsui, M. Inorg. Chem. 1975, 14, 2680−2687.
(50) Kelen, T.; Tudos, F. J. Macromol. Sci., Chem. 1975, A9, 1−27.
(51) Jakobsen, H. J.; Bundgaard, T.; Hansen, R. S. Mol. Phys. 1972,
23, 197−201.
(52) Komber, H.; Steinert, V.; Voit, B. Macromolecules 2008, 41,
2119−2125.
(53) Detailed mechanistic studies on the propagation reaction of rare
earth metal-mediated GTP of vinylphosphonates are currently
underway.
(54) Blanazs, A.; Warren, N. J.; Lewis, A. L.; Armes, S. P.; Ryan, A. J.
Soft Matter 2011, 7, 6399−6403.
(55) Lambermont Thijs, H. M. L.; Hoogenboom, R.; Fustin, C. A.;
Bomal D‘Haese, C.; Gohy, J. F.; Schubert, U. S. J. Polym. Sci., Part A:
Polym. Chem. 2009, 47, 515−522.
(56) Trinh, L. T. T.; Lambermont-Thijs, H. M. L.; Schubert, U. S.;
Hoogenboom, R.; Kjøniksen, A. L. Macromolecules 2012, 45, 4337−
4345.
(57) Salzinger, S.; Huber, S.; Jaksch, S.; Busch, P.; Jordan, R.;
Papadakis, C. M. Colloid Polym. Sci. 2012, 290, 385−400.
(58) Wu, C.; Wang, X. Phys. Rev. Lett. 1998, 80, 4092−4094.
(59) García-Lisbona, M. N.; Galindo, A.; Jackson, G.; Burgess, A. N.
J. Am. Chem. Soc. 1998, 120, 4191−4199.
(60) Tanford, C. The Hydrophobic Effect, 2nd ed.; J. Wiley and Sons:
New York, 1973.
(61) Ben-Naim, A. Hydrophobic Interactions; Plenum Press: New
York, 1980.
(62) Widom, B.; Bhimalapuram, B.; Koga, K. Phys. Chem. Chem. Phys.
2003, 5, 3085−3093.
(63) Li, W.; Zhang, A.; Feldman, K.; Walde, P.; Schlüter, A. D.
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Copolymerization Kinetics 

 

Figure S1. Determination of the catalytic activity of Cp3Yb for the copolymerization of 

DEVP (TOF = 6310 h-1) and DPVP (TOF = 1560 h-1) ([DEVP]:[DPVP]:[catalyst] = 

400:100:1). 
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Figure S2. Determination of the catalytic activity of Cp3Yb for the copolymerization of 

DEVP (TOF = 1310 h
-1

) and DPVP (TOF = 4850 h
-1

) ([DEVP]:[DPVP]:[catalyst] = 

100:400:1). 

 

 

Figure S3. Determination of the catalytic activity of Cp3Yb for the copolymerization of 

DEVP (TOF = 7060 h-1) and DPVP (TOF = 4250 h-1) ([DEVP]:[DPVP]:[catalyst] = 

300:200:1). 
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Figure S4. Determination of the catalytic activity of Cp3Yb for the copolymerization of 

DEVP (TOF = 1660 h-1) and DPVP (TOF = 2630 h-1) ([DEVP]:[DPVP]:[catalyst] = 

200:300:1). 

 

 

Figure S5. Finemann-Ross determination of the copolymerization parameter rDEVP for the 

copolymerization of DEVP and DPVP using Cp3Yb (rDEVP = 1.11). 
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Figure S6. Finemann-Ross determination of the copolymerization parameter rDPVP for the 

copolymerization of DEVP and DPVP using Cp3Yb (rDPVP = 0.93). 

 

  

Figure S7. Determination of the catalytic activity of Cp3Yb for the copolymerization of 

DEVP (TOF = 11900 h
-1

) and DMVP (TOF = 3080 h
-1

) ([DEVP]:[DMVP]:[catalyst] = 

400:100:1). 
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Figure S8. Determination of the catalytic activity of Cp3Yb for the copolymerization of 

DEVP (TOF = 20800 h-1) and DMVP (TOF = 14100 h-1) ([DEVP]:[DMVP]:[catalyst] = 

300:200:1). 

 

 

Figure S9. Determination of the catalytic activity of Cp3Yb for the copolymerization of 

DEVP (TOF = 9250 h
-1

) and DMVP (TOF = 14100 h
-1

) ([DEVP]:[DMVP]:[catalyst] = 

200:300:1). 
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Figure S10. Finemann-Ross determination of the copolymerization parameter rDEVP for the 

copolymerization of DEVP and DMVP using Cp3Yb (rDEVP = 0.95). 

 

 

Figure S11. Finemann-Ross determination of the copolymerization parameter rDMVP for the 

copolymerization of DEVP and DMVP using Cp3Yb (rDMVP = 1.07). 
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1
H NMR spectra of PDAVP 

 

 

Figure S12. 
1
H NMR spectrum of PDEVP in D2O. 

 

 

Figure S13. 1H NMR spectrum of PDPVP in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7   

132 

 

 

Figure S14. 
1
H NMR spectrum of PDMVP in D2O. 

 

 

Figure S15. 
1
H NMR spectrum of P(DEVP0.6-co-DPVP0.4) in deuterated toluene. 
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Figure S16. 
1H NMR spectrum of P(DEVP0.6-co-DMVP0.4) in D2O. 

 

 

 

Figure 17. 
31

P NMR spectra of PDEVP, PDPVP and P(DEVP0.5-co-DPVP0.5). 
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Figure 18. 
31

P NMR spectra of PDEVP, PDMVP and P(DEVP0.5-co-DMVP0.5). 

 

Determination of the Transition hysteresis 

 

Figure S19. DSC analysis of a 30w% aqueous PDEVP solution (heating rate: 10 K/min). 
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Figure S20. DSC analysis of a 30w% aqueous PDEVP solution (heating rate: 2 K/min). 
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Figure S21. Investigation of phase transition hysteresis by turbidimetry using varying 

equilibration time (10wt% PDEVP aqueous solution). 
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Figure S22. Investigation of phase transition hysteresis by turbidimetry using varying 

equilibration time (1wt% PDEVP aqueous solution). 
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Ca
2+

 salt effect 

 

Figure S23. Determination of cloud points of PDEVP in 1.0 wt % aqueous solution at 

different CaCl2 concentration upon heating. 
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GROUP TRANSFER POLYMERIZATION: FROM DEFINED 

POLYMER MICROSTRUCTURES TO HIGH PRECISION 
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“There is a single light of science, and to brighten it anywhere 

 is to brighten it everywhere.” 

 
- Isaac Asimov (1919-1992) 
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REM-GTP to proceed via N→Ln coordination. Previous REM-GTP copolymerization studies 
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different coordination strength to the metal center, i.e. monomers can only be polymerized in 

order of increasing coordination strength. In order to examine the relative coordination 

strength of the newly employed N-coordinating monomers IPOx and 2VP, statistical 

copolymerizations were conducted, establishing a monomer reactivity order for REM-GTP as 
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ABSTRACT: Poly(2-isopropenyl-2-oxazoline) (PIPOx)
and poly(2-vinylpyridine) (P2VP) have been efficiently
synthesized using bis(cyclopentadienyl)methylytterbium
(Cp2YbMe) as catalyst. The polymerizations of 2-
isopropenyl-2-oxazoline (IPOx) and 2-vinylpyridine
(2VP) follow a living group-transfer polymerization
(GTP) mechanism, allowing a precise molecular-weight
control of both polymers with very narrow molecular-
weight distribution. The GTP of IPOx and 2VP occurs via
N coordination at the rare earth metal center, which has
rarely been reported previously. The relative coordination
strength of different monomers at the ytterbium center is
determined by copolymerization investigations to be in the
order of DEVP > MMA > IPOx > 2VP. In combination
with living cationic ring-opening polymerization, PIPOx is
converted to molecular brushes with defined backbone and
poly(2-oxazoline) side chains using the graf ting-f rom
method.

S ince the first report on rare earth metal-mediated group-
transfer polymerization (REM-GTP) by Yasuda et al. in

1992,1 researchers have devoted their efforts to optimizing
reaction conditions and initiator efficiency and extending its
utilization for various monomers, e.g., (meth)acrylates and
(meth)acrylamides.2−4 In view of the mechanism, this type of
polymerization is recognized as coordinative anionic, and due to
its similarity to silyl ketene acetal-initiated GTP, it is also referred
to as transition metal-mediated GTP.4−12 Because of its highly
living character, REM-GTP leads to strictly linear polymers with
very narrow molecular-weight distribution (Đ < 1.1), exhibits a
linear increase of the average molar mass upon monomer
conversion, and allows the synthesis of block copolymers as well
as the introduction of chain end functionalities.2−4,11 Coordina-
tion of the growing chain end at the catalyst suppresses side
reactions and allows stereospecific polymerization as well as
activity optimization by varying both the metal center and the
catalyst ligand sphere.4,11 Accordingly, REM-GTP combines the
advantages of living ionic and coordinative polymerizations and
thus allows a precise adjustment of the polymer architecture and
microstructure.
Recently, our group and other researchers showed that REM-

GTP is not restricted to common (meth)acrylates but is also
applicable to several other monomer classes of interest, e.g.,

vinylphosphonates and vinylpyridines.6−8,11,13,14 Moreover, we
reported on the development of a surface-initiated group-transfer
polymerization (SI-GTP) mediated by rare earth metal catalysts,
allowing the perfect decoration of substrates with polymer
brushes of specific functionality.15 Inspired by these recent
advances and the high precision offered by REM-GTP, we have
made it a major focus of our research to extend the applicability
of this method to further monomer classes and to evaluate the
utilization of REM-GTP for the production of tailor-made
functional polymer-based architectures. In this context, this
Communication describes the efficient polymerization of 2-
isopropenyl-2-oxazoline (IPOx) and 2-vinylpyridine (2VP)
through REM-GTP, occurring via N coordination of the
monomer at the rare earth metal center. Copolymerization
experiments are conducted to compare the coordination strength
of the different monomers to the rare earth metal. Moreover,
REM-GTP is combined with living cationic ring-opening
polymerization (LCROP), giving the first access to poly(2-
oxazoline) molecular brushes with narrow side chain and
backbone chain length distribution.
IPOx is a versatile dual-functional monomer comprising an

oxazoline and a vinyl moiety. On one hand, it can undergo
LCROP of the heterocyclic motif, resulting in defined poly(2-
oxazoline)s for a variety of applications in biomedicine.16−24 On
the other hand, radical/anionic polymerization of the vinylidene
functionality of IPOx leads to poly(2-isopropenyl-2-oxazoline)
(PIPOx) with a broad molecular-weight distribution,16,25 even
though anionic and reversible addition−fragmentation polymer-
ization finitely improves the distribution character.26,27 Living
anionic polymerization, owing to the strict operating conditions
and solvent effects,28 is not a preferred method for the
polymerization of IPOx. Moreover, due to a strong complexation
of pendant 2-oxazoline units by copper, attempts to polymerize
IPOx by atom-transfer radical polymerization (ATRP) were not
successful.25 There seems to be no truly successful method by
which PIPOx with controlled molecular weight and narrowĐ (Đ
< 1.1) is accessible. Also for 2VP, another functional monomer
comprising a CCCN functionality, there is a continuing
demand to seek superior methods for efficient and convenient
polymerization. Inspired by the electronic and structural
similarity between IPOx/2VP and (meth)acrylates or vinyl-
phosphonates, as well as initial investigations on rare earth metal-
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mediated 2VP polymerization,13 we examined the polymer-
izability of IPOx/2VP employing rare earth metal complexes as
catalysts (Figure 1).
Initially, the polymerization of IPOx was conducted at room

temperature in the presence of Cp2YbCl and Cp3Yb. In contrast
to using MMA and vinylphosphonates,4,11,29 no polymerization
was observed using Cp2YbCl as initiator. This was attributed to
the rather weak coordination strength (vide inf ra) of IPOx at the
metal center, inhibiting cleavage of the dimeric complex
[Cp2YbCl]2. This hypothesis could be confirmed by X-ray
structure analysis of single crystals obtained from a mixture of
IPOx and Cp2YbCl in toluene, which were found to be the
[Cp2YbCl]2 starting material. Using Cp3Yb as catalyst, low yields
of polymer could be isolated after several hours of polymerization
at room temperature. The poor efficiency of Cp3Yb for IPOx in
contrast to its high reactivity for DEVP polymerization under
identical reaction conditions is attributed to the lower steric
crowding of the intermediate Cp3Yb(IPOx) in comparison to
Cp3Yb(DEVP), leading to an inefficient initiation of IPOx REM-
GTP by Cp3Yb.

7

Using Cp2YbMe as initiator, polymerization of IPOx
proceeded smoothly at room temperature, exhibiting high
reaction velocity; i.e., monomer conversion reached 95% within
2 h at room temperature, as monitored by in situ 1H NMR
(Figure 2). According to MMA, the methyl group was found to
be an efficient initiator for IPOx polymerization (Table 1).4 This

is attributed to the absence of an acidic α-CH, as Cp2YbMe was
found to yield a rather inefficient initiation by deprotonation for
vinylphosphonate REM-GTP.29 The obtained PIPOx was
characterized by 1H NMR (Figure 2). After REM-GTP, the
IPOx vinylene proton signals (5.76 and 5.39 ppm) disappear
completely, and new peaks at 1.76−2.13 ppm originating from
protons of formed methylene groups arise. The 2-oxazoline ring
was well preserved after polymerization, as can be seen from 1H
NMR, with chemical shifts of the oxazoline ring protons slightly
shifted from 3.92 and 4.26 ppm to 3.76 and 4.16 ppm,
respectively. 1H and 13C NMR spectroscopic analysis (Figure

S2) indicates the produced PIPOx to be atactic ([mr] = 35%),
which can be attributed to the rather small steric demand of the
Cp ligands, which is insufficient to induce a stereospecific
polymerization.
To elucidate the underlying initiation process, oligomers were

produced by using an IPOx:Cp2YbMe ratio of 5:1 in toluene and
subsequently analyzed by electrospray ionization mass spec-
trometry (ESI-MS). For all peaks, the molar mass of the
corresponding oligomers was found to be n ×MIPOx + 17 or n ×
MIPOx + 39 g/mol (see Figure 4b and Table S1). The remaining
17 or 39 g/mol corresponds to a methyl group, which initiated
chain growth, a H+ (or Na+), and a proton from the termination
reaction during methanolic workup. Therefore, transfer of a
coordinated ligand (CH3) to a monomer in the initial step is
evident. According to MMA, REM-GTP of IPOx is believed to
proceed via an eight-membered ring chelate as shown in Figure
3a, with chain growth occurring by conjugate addition of a
coordinated monomer to the covalently bound chain end.4,11

Attempts to isolate IPOx adducts or the eight-membered
intermediate by mixing IPOx and Cp2YbMe in 1:1 and 2:1

Figure 1. Molecular structures of dialkyl vinylphosphonates (DAVP),
methyl methacrylate (MMA), 2-isopropenyl-2-oxazoline (IPOx), and 2-
vinylpyridine (2VP).

Table 1. Summary of Different Polymerization of IPOx
(Monomer:Initiator = 200:1)

initiator
T

(°C)
TOFa,b

(h−1) PDIc
Mn

c

(kDa)
I* d

(%)
reaction time (h)/
conversionb (%)

Cp3Yb 25     10/trace

Cp2YbMe 25 380 1.04 21 95 1.5/92

BuLi 25 3100 1.5 40 53 0.2/95

BuLi −78 18 1.2 2.5  2/18

AIBN 60  2.0 18  8/59
aThe turnover frequency (TOF) was defined as the maximum slope of
the conversion vs reaction time plot. bDetermined by 1H NMR.
cDetermined by GPC-MALS. dI* = Mth/Mn, Mth = 200MMon ×

conversion +Mend group.

Figure 2.Reaction scheme for GTP of IPOx and polymerization kinetics
as detected by in situ 1HNMR and assignment of corresponding signals.

Figure 3. (a) Schematic illustration of REM-GTP of IPOx concerning
initiation and propagation. (b) Structure of 2-isopropenyl-2-oxazoline
oligomer and its ESI-MS spectrum.
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molar ratios at room temperature and−35 °Cwere unsuccessful,
consistently yielding oligomeric PIPOx. However, according to
previous literature on rare earth metal oxazoline complexes30,31

and rare earth metal-mediated 2VP polymerization,13 we
presume the coordination of the eight-membered intermediate
as well as the monomer to proceed via the N atom of the
oxazoline moiety, thus providing one of the first examples of
REM-GTP to proceed via N coordination at the metal center.
To further examine the character of the established REM-GTP

of IPOx, aliquots were taken at regular time intervals during the
polymerization and analyzed by gel permeation chromatography
multi-angle light scattering (GPC-MALS) to estimate the
absolute number-averaged molar mass (Mn) and the polydisper-
sity index (PDI) of PIPOx. A plot of theMn (from 2.05 × 103 to
2.10 × 104 g/mol) vs monomer (IPOx) conversion (from 2.1%
to 95%, respectively) reveals a linear relationship between these
two parameters (Figure 4), whereas the PDI remains extremely
narrow (PDI < 1.07) for polymers obtained at all conversions.
The linear growth of molecular weight against monomer
conversion is ascribed to the highly living character of REM-
GTP and the observed high initiator efficiency (I* = 95%).
In order to demonstrate the superiority of REM-GTP in

comparison to other polymerization techniques, the polymer-
ization of IPOx initiated by azobisisobutyronitrile (AIBN) and n-
butyllithium (BuLi) at different temperatures was investigated.
As expected, free radical polymerization of IPOx performed at 60
°C afforded PIPOx with broad polydispersity (PDI = 2.0,
conversion = 59%). Living anionic polymerization of IPOx at
−78 °C for 2 h yielded a polymer with improved molar mass
distribution (PDI = 1.2) but slow polymer chain growth rate (Mn

= 2.5 kDa after 2 h polymerization, conversion = 18%). Anionic
polymerization of IPOx at room temperature largely increased
the polymerization velocity, however, at the cost of side reactions
and loss of control. As a result, the PDI of the obtained polymer
increased significantly (PDI = 1.5). The polymerization results
for different methods and the used reaction conditions are
summarized in Table 1.
In order to verify the versatility of REM-GTP for other

monomers, which coordinate to the metal center via an N atom,
we subjected another structural similar monomer, i.e. 2VP, to the

REM-GTP reaction conditions. To our delight, the GTP of 2VP
occurred and afforded poly(2-vinylpyridine) (P2VP, 43 kDa) in
24 h at room temperature. We found the activity and the initiator
efficiency of 2VPREM-GTP to bemuch lower (TOF = 44 h−1, I*
= 45%) (Figure S4) than those for IPOx (TOF = 380 h−1, I* =
95%) (Figure S1), which may be attributed to the electron
delocalization and thus the weak N−Yb coordination. Never-
theless, the PDI of obtained P2VP was narrow (PDI = 1.1) at all
monomer conversions (Figure S6). Hence, we attribute the low
initiator efficiency to an initial catalyst deactivation by impurities.
It was recently shown by Mashima et al. that end-functionalized
P2VP could be efficiently obtained by yttrium complex-catalyzed
polymerization.13 Albeit our simple ytterbium complex exhibits
relatively lower activity in the polymerization of 2VP, the catalyst
led to high molar mass P2VP. Therefore, further investigation on
the optimization of the catalyst is necessary. It is worth
mentioning that ESI-MS investigation of oligomeric P2VP
indicates the initiation to occur via a methyl transfer (Figure S5),
even though an α-CH is present in 2VP. According to the small
steric demand of the Cp ligands, as expected, produced P2VP is
atactic as indicated from 1H and 13C NMR analysis (Figure S3).
In REM-GTP copolymerizations, the addition sequence of the

comonomers is critical for monomers with different coordination
strength to the metal center; i.e., monomers can only be
polymerized in order of increasing coordination strength.6,11,32

In order to examine the relative coordination strength of the
newly employed N-coordinating monomers IPOx and 2VP,
statistical copolymerizations using DEVP, MMA, IPOx, and 2VP
were conducted. Consistently, only the corresponding homo-
polymers of the stronger coordinating comonomer were
obtained, as observed via NMR spectroscopy, revealing a
monomer coordination strength to the ytterbium center in an
order of DEVP > MMA > IPOx > 2VP. Accordingly, sequential
copolymerization yielded diblock copolymers in sequences of
PMMA-b-PDEVP, PIPOx-b-PMMA, and PIPOx-b-PDEVP, as
well as P2VP-b-PIPOx and P2VP-b-PDEVP, while diblock
copolymerization in the reverse sequence only afforded
homopolymers of PDEVP, PMMA, and PIPOx, respectively
(Table S1). However, diblock copolymer synthesis was found to
be hindered by a proposed encapsulation of the catalyst during
polymerization of the rather hydrophilic IPOx and 2VP. This
hypothesis is underlined by precipitation of formed high-
molecular-weight PIPOx and P2VP from toluene solution and
by ineffective initiation of a second, more hydrophobic
comonomer (e.g., MMA) by the PIPOx or P2VP macroinitiator.
Moreover, if the degree of polymerization of the first, hydrophilic
block is kept low (below 20), an improvement of the PIPOx
macroinitiator efficiency could be observed. Chain termination is
not a major limitation, as the formation of block copolymers for
the more hydrophilic DEVP as second comonomer was feasible
(Table S1). Analysis of the molecular weight of the obtained
copolymers was complicated due to aggregation, even at the low
applied concentration in the GPC-MALS setup (and was verified
via analysis of samples with different concentration). A more
detailed study on REM-GTP copolymerizations is currently
underway.
Some of us have reported previously on the synthesis of

molecular brushes with poly(2-oxazoline) side chains and a
PIPOx backbone via a graf ting-f rom method using LCROP.25

Since the backbone was prepared by free radical and anionic
polymerization, the resulting molecular brushes were of broad
molecular mass distribution. Herein, we use REM-GTP-
prepared PIPOx as the backbone polymer. After reaction with

Figure 4. Linear growth of the absolute molecular weight (Mn)
determined by multi-angle laser light scattering as a function of IPOx
conversion (determined by 1HNMR). Inset: GPC traces as detected by
retention volume.
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methyl triflate, a polyoxazolinium salt is formed as a macro-
initiator. Then, molecular brush side chains are formed by
LCROP of 2-ethyl-2-oxazoline (EtOx) (Figure 5a). As verified
by AFM measurements, all the molecular brushes adopt a
stretched conformation due to the repulsion of poly(2-
oxazoline) side chains (Figure 5b). Moreover, the contour
length distribution is remarkably narrow, which corroborates the
narrow molecular mass distribution of the PIPOx backbone. The
combination of REM-GTP and LCROP is to our knowledge the
first example for the synthesis of well-defined poly(2-oxazoline)
molecular brushes with narrow side and backbone chain length
distribution.
In conclusion, we have demonstrated an efficient method to

prepare poly(2-isopropenyl-2-oxazoline) and poly(2-vinylpyr-
idine) with high molecular weight and very narrow molecular-
weight distribution via rare earth metal-mediated GTP. The
present study is one of the first examples for REM-GTP to
proceed via N−rare earth metal coordination. According to the
highly living character of REM-GTP, the molecular weight of
PIPOx and P2VP increased linearly with monomer conversion.
We established a monomer reactivity order for REM-GTP as
DEVP > MMA > IPOx > 2VP, which can be ascribed to the
coordination strength of the respective monomers at the rare
earth metal center. Consecutive polymerization of different
monomers is hereby only possible in order of increasing
coordination strength, and restricted to comonomers with
similar polarity. Moreover, well-defined molecular brushes
could be synthesized via the first combination of REM-GTP of
IPOx and successive graf ting-f rom LCROP of 2-oxazolines.
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Materials and methods 

Chemicals were purchased from Sigma-Aldrich or Acros Organics and used without 

further treatment if not otherwise stated. All reactions were carried out under argon 

atmosphere using standard Schlenk techniques or an MBraun glovebox. All glassware 

was heat-dried under vacuum prior to use. Toluene was dried applying an MBraun 

SPS-800 and used as received. Tetrahydrofurane (THF) was distilled over potassium 

prior to use. Cp2YbMe, diethyl vinylphosphonate were prepared according to 

literature.
 1 ,2 ,3,4   Monomers were dried over calcium hydride and distilled prior to 

polymerization.  

NMR spectra were recorded on a Bruker ARX-300 spectrometer. 
1
H NMR 

spectroscopic chemical shifts δ are reported in ppm relative to tetramethylsilane and 

calibrated to the residual proton signal of the deuterated solvent. Deuterated solvents 

were obtained from Deutero Deutschland GmbH and used as received. ESI MS 

analytical measurements were performed with methanol solutions on a Varian 500-

MS spectrometer, using 70 keV in the positive ionization mode. Atomic force 

microscopy (AFM) scans were obtained with a Nanoscope IIIa scanning probe 

microscope from Veeco Instruments (Mannheim, Germany). The microscope was 

operated in tapping mode using Si cantilevers with a resonance frequency of 270 kHz, 

a driving amplitude of 1.52 V at a scan rate of 0.6 Hz.  

 

Oligomerization 

5 eq of the monomer were added to 1 eq of catalyst in toluene. The resulting mixture 

was stirred for 2 hours at room temperature and quenched by addition of MeOH or 

acidified (37w% HClaq) MeOH. Volatiles were removed under reduced pressure and 

the residue was extracted with MeOH. For end group analysis, ESI MS measurements 

of the methanolic extract were performed. 

 

Homo- and statistical copolymerizations 

Polymerizations were performed in 30 mL of toluene, using a catalyst concentration 

of 0.33 mg mL
-1

 (10 mg of catalyst). After dissolving the catalyst in the solvent at 

room temperature, the calculated amount of the monomer (mixture) was added. The 

reaction was stirred for the stated reaction time and then quenched with MeOH (0.5 
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mL). The polymer was precipitated by addition of the reaction mixture to hexane (150 

mL) and decanted from solution. Residual solvents were removed by drying the 

polymer under vacuum at 70 °C overnight. 

 

Sequential copolymerization 

After dissolving the calculated amount of catalyst in toluene at room temperature, the 

first monomer was added (monomer concentration 10vol% in toluene). The reaction 

mixture was stirred for 2 hours (4 hours in case of 2VP) and divided into aliquots. 

One aliquot was quenched by addition of 0.5 mL MeOH, to each of the other aliquots, 

the calculated amount of a second monomer was added, the reaction mixtures stirred 

for another 2 hours at room temperature and quenched by addition of 0.5 mL MeOH. 

The polymers were precipitated by addition of the reaction mixtures to hexane (150 

mL) and decanted from solution. Residual solvents were removed by drying the 

polymers under vacuum at 70 °C overnight. 

 

Molecular weight determination 

GPC was carried out on a Varian LC-920 equipped with two PL Polargel columns. As 

eluent a mixture of 50% THF, 50% water, and 9 g L
-1

 tetrabutylammonium bromide 

(TBAB) was used in the case of PDEVP, PIPOx, P2VP, P(IPOx-b-DEVP) and 

P(2VP-b-DEVP); for PMMA, P(MMA-b-DEVP) and P(IPOx-b-MMA) analysis, the 

eluent was THF with 6 g L
-1

 TBAB. Absolute molecular weights have been 

determined online by multiangle light scattering (MALS) analysis using a Wyatt 

Dawn Heleos II in combination with a Wyatt Optilab rEX as concentration source. 

 

Kinetics by in-situ 
1
H NMR spectroscopy 

In-situ NMR measurements were conducted in a sealable NMR tube in toluene-d8 or 

C6D6. After mixing a solution of 1 mg Cp2YbMe, 3 mL deuterated solvent and the 

calculated amount of monomer, 0.6 mL of the reaction solution was immediately 

transferred to an NMR tube. The NMR spectroscopic measurements were conducted 

at room temperature. 
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Kinetics by aliquots method  

After dissolving 10 mg of Cp2YbMe in 30mL toluene or toluene-d8 at room 

temperature, the calculated amount of monomer was added in one injection. Aliquots 

were taken from the reaction solution at regular time intervals and quenched by 

addition to (deuterated) MeOH. For each aliquot, the conversion is determined by 

gravimetry or 
1
H NMR spectroscopy, the molecular weight of the formed polymer by 

GPC-MALS analysis. 

 

Reactivity, 
1
H NMR, 

13
C NMR, ESI MS and GPC spectra 

 

Figure S1. Determination of the catalytic activity of Cp2YbMe for the polymerization 

of IPOx (TOF = 380 h
-1

) by in situ 
1
H NMR spectroscopy (initial [IPOx]:[catalyst] = 

200:1; [catalyst] = 0.33mg mL
-1

). 
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Figure S2. 
1
H a) and 

13
C b) NMR spectra of PIPOx. 
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Figure S3. 
1
H a) and 

13
C b) NMR spectra of P2VP. 
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Figure S4. Determination of the catalytic activity of Cp2YbMe for the polymerization 

of 2VP (TOF = 44 h
-1

) by in situ 
1
H NMR spectroscopy (initial [2VP]:[catalyst] = 

500:1; [catalyst] = 0.33mg mL
-1

). 

 

 

Figure S5. Structure of poly(2-vinylpyridine) (P2VP) oligomer and its ESI MS 

spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 8   

154 

 

S8 

 

 

Figure S6. Linear growth of the absolute molecular weight (Mn) and polydispersity of 

P2VP determined by multi-angle laser light scattering as a function of 2VP 

conversion. 

 

Table S1. Homo- and block copolymers of 2VP, IPOx, MMA and DEVP synthesized 

by Cp2YbMe-initiated REM-GTP. 

 Mn
a
(kDa) PDI

a
 I*

b
(%) 

Comonomer 

ratio A/B
c 

Yield
d
 

(%) 

P2VP100 14 1.01 75 — 96 

P(2VP100-b-IPOx100) 29 (14) 1.01 (1.01) 74 (82)
 

1:1.18 98 

P(2VP100-b-MMA100) 14 1.01 —
 

1:0 46 

P(2VP100-b-DEVP100) 31 1.04 87 1:1.07 96 

P(2VP20-b-MMA80) — — — 1:0 — 

PIPOx100 9.1 1.03 120 — 89 

P(IPOx100-b-MMA100) 9.2 1.02 —
 

1:0 44 

P(IPOx100-b-DEVP100) 1100 (10) 1.40 (1.03) 3 (~1)
 

1:0.69 62 

P(IPOx20-b-MMA80) aggregation — 1:1.69 50 

P(IPOx20-b-DEVP50) 390 (2.6) 1.70 (1.12) 3 (2) 1:2.71 62 

PMMA100 12 1.10 83 — 98 

P(MMA100-b-DEVP100) 22 1.20 120 1.15:1 94 

a
Determined by GPC-MALS, 

b
I* = Mth/Mn, number in brackets give the I* of the 

macroinitator for polymerization of block B (in case of bimodal distributions), 
c
determined by 

1
H NMR, 

d
determined by weighing of the components. 
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CHAPTER 9: 

 

MECHANISTIC STUDIES ON INITIATION AND 

PROPAGATION OF RARE EARTH METAL-MEDIATED                              

GROUP TRANSFER POLYMERIZATION OF 

VINYLPHOSPHONATES  

 

 

 

 

 

 

 

 

 “We know accurately only when we know little, doubt grows with knowledge.” 

 
- Johann Wolfgang von Goethe (1749-1832) 
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Content: 

In this chapter, the first detailed mechanistic studies on both initiation and propagation of rare 

earth metal-mediated GTP of vinylphosphonates are presented. Isolated DEVP adducts 

Cp2LnCl(DEVP) provide first X-ray crystallographic proof for vinylphosphonate coordination 

at the active site via the oxygen of the phosphonate moiety. The reactive α-CH and the use of 

unbridged rare earth metallocenes lead to a complex initiation network for vinylphosphonate 

GTP. Depending on the nature of the initiating ligand, initiation can either proceed via 

abstraction of the acidic α-CH of the vinylphosphonate, via transfer of a nucleophilic ligand to 

a coordinated momoner or via a monomer- (i.e. donor-) induced ligand exchange reaction 

forming Cp3Ln in equilibrium. Time-resolved analysis of monomer conversion and molecular 

weights of the formed polymers allows the determination of the initiator efficiency throughout 

the whole reaction. Using this normalization method, rare earth metal-mediated GTP was 

shown to follow a monometallic Yasuda-type polymerization mechanism, with an SN2-type 

associative displacement of the polymer phosphonate ester by a monomer as the rate 

determining step (RDS). The activation entropy �S
‡
 of the RDS is strongly affected by the 

metal radius and the monomer size, whereas these parameters show only minor influence on 

the activation enthalpy �H
‡
. Accordingly, the propagation rate of vinylphosphonate REM-

GTP is shown to be mainly determined by the change of rotational and vibrational restrictions 

within the eight-membered metallacycle in the RDS 
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ABSTRACTABSTRACTABSTRACTABSTRACT:::: Initiation of rare earth metal-mediated vinylphosphonate polymerization with unbridged rare earth metallocenes (Cp2LnX) 
follows a complex reaction pathway. Depending on the nature of X, initiation can either proceed via abstraction of the acidic α-CH of the 
vinylphosphonate (e.g. for X = Me, CH2TMS), via nucleophilic transfer of X to a coordinated monomer (e.g. for X = Cp, SR) or via a 
monomer- (i.e. donor-) induced ligand exchange reaction forming Cp3Ln in equilibrium (e.g. for X = Cl, OR), which serves as the active 
initiating species. As determined by mass spectrometric end group analysis, different initiations may also occur simultaneously (e.g. for X = 
N(SiMe2H)2). A general differential approach for the kinetic analysis of living polymerizations with fast propagation and comparatively slow 
initiation is presented. Time-resolved analysis of monomer conversion and molecular weights of the formed polymers allows the 
determination of the initiator efficiency throughout the whole reaction. Using this normalization method, rare earth metal-mediated 
vinylphosphonate GTP is shown to follow a Yasuda-type monometallic propagation mechanism, with an SN2-type associative displacement of 
the polymer phosphonate ester by a monomer as the rate determining step. The propagation rate of vinylphosphonate GTP is mainly 
determined by the activation entropy, i.e. the change of rotational and vibrational restrictions within the eight-membered metallacycle in the 
rate determining step as a function of the steric demand of the metallacycle side chains and the steric crowding at the metal center. 

IntroductionIntroductionIntroductionIntroduction    

Phosphorus-containing polymers, especially those comprising 
phosphonate moieties, have gained significant interest due to their 
potential utilization in a large variety of applications, ranging from 
polyelectrolytes in batteries and fuel cells over halogen-free flame 
retardants to diverse uses in the biomedical field.1-10 However, a 
straight-forward approach to these polymers via polymerization of 
vinylphosphonates has long been hard to establish, as radical and 
classical anionic synthesis routes often result in low yields of 
polymer with unsatisfying degrees of polymerization.11 Recently, it 
could be shown that poly(vinylphosphonate)s with high molar 
mass and low polydispersity can be efficiently prepared in the 
presence of rare earth metal catalysts,11-16 presumably following a 
group transfer polymerization (GTP) mechanism.11 

Rare earth metal-mediated GTP (REM-GTP) of acrylic mono-
mers was first reported by Yasuda et al.17 in 1992 and is also referred 
to as coordinative-anionic or coordination-addition polymeri-
zation.18 Over the past decades, intensive research has been carried 
out to optimize the reaction conditions, the initiator efficiency and 
to broaden the use of coordinative-anionic polymerizations for a 
variety of monomers, e.g. different (meth)acrylates and (meth)-
acrylamides.18-21 The initiation for this living-type polymerization 
commonly occurs via 1,4-addition of a nucleophilic ligand from the 

metal complex to a coordinated monomer, or, in case of divalent 
lanthanide initiators, via redox initiation.18,22 The propagation 
proceeds via repeated conjugate addition over an eight-membered 
ring intermediate (Scheme 1a),18-21,23 which could be isolated and 
characterized by X-ray crystallography.17,23 Hereby, the catalyst 
both stabilizes the anionic chain end and activates the coordinated 
monomer.11,18 The coordination of the growing chain end at the 
catalyst suppresses side reactions and allows stereospecific 
polymerization as well as activity optimization by variation of both 
the metal center and the catalyst ligand sphere.18-21 Besides this 
monometallic propagation, coordinative-anionic polymerizations 
may also follow a bimetallic mechanism, for which alternating one 
metal center activates the monomer while the other stabilizes the 
growing chain end (e.g. for group 4 metal-mediated GTP, 
Scheme 1b).24-28  

The mechanism taking place and the corresponding rate 
determining step (RDS) are difficult to predict and were found to 
be strongly dependent on the ligand architecture, the metal center 
and the used monomer.18,25-27,29-36 The influence of mechanism and 
RDS on the stereoregularity of the polymerization and vice versa 
the mechanistic conclusions drawn from obtained microstructures 
have been controversially discussed.20,28-30,33,36-40 Besides the actual 
conjugate addition, the RDS can be cleavage of the polymer ester 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 9   

162 

 

group from the metal center (SN1-type reaction, Scheme 2a) or an 
associative displacement of this ester group by a monomer (SN2-
type reaction, Scheme 2b).20,25-30, 36,37,40-42 The latter is both described 
in a back-side manner or via an attack at the same site relative to the 
leaving polymer ester group (front-side), i.e. via a chain retention or 
a chain migratory mechanism.28-30,33,37-40,42 In case of monometallic 
coordinative-anionic polymerization, depending on the evident 
RDS, the monomer addition will either occur alternating at both 
sites of the catalyst or predominantly at only one site via site-
retention.29,30,33,36-40,42  

 
Scheme 1.Scheme 1.Scheme 1.Scheme 1. Proposed monometallic (a) and bimetallic (b)  Proposed monometallic (a) and bimetallic (b)  Proposed monometallic (a) and bimetallic (b)  Proposed monometallic (a) and bimetallic (b) 
propagation propagation propagation propagation mechanism for coordinativemechanism for coordinativemechanism for coordinativemechanism for coordinative----anionic polymerianionic polymerianionic polymerianionic polymeri----
zation of Michael acceptorzation of Michael acceptorzation of Michael acceptorzation of Michael acceptor----type monomerstype monomerstype monomerstype monomers; ; ; ; E = C(OR), E = C(OR), E = C(OR), E = C(OR), 
C(NRC(NRC(NRC(NR2222), P(OR)), P(OR)), P(OR)), P(OR)2222....    

 
    

Scheme 2.Scheme 2.Scheme 2.Scheme 2. Proposed  Proposed  Proposed  Proposed SSSSNNNN1111----typetypetypetype (a) and  (a) and  (a) and  (a) and SSSSNNNN2222----typetypetypetype (b)  (b)  (b)  (b) polymer polymer polymer polymer 
ester cleavageester cleavageester cleavageester cleavage from/monomer addition to the metal center from/monomer addition to the metal center from/monomer addition to the metal center from/monomer addition to the metal center    for for for for 
REMREMREMREM----GTPGTPGTPGTP, E = C(OR), C(NR, E = C(OR), C(NR, E = C(OR), C(NR, E = C(OR), C(NR2222), P(OR)), P(OR)), P(OR)), P(OR)2222....    

 
 
Recent publications have shown that REM-GTP is not only 

applicable to common acrylic monomers, but as well to several 
other monomer classes, i.e. dialkyl vinylphosphonates (DAVP), 2-
isopropylene-2-oxazoline and 2-vinylpyridine.11-16,43,44 In previous 
work, we have shown that late lanthanide metallocenes are efficient 
initiators and highly active catalysts for DAVP polymerization.14,16 
Initial investigations have proven the livingness of polymerization 
and suggest a GTP mechanism taking place,11,12,14 however, detailed 
mechanistic studies on both initiation and propagation of REM-
GTP of vinylphosphonates have not yet been conducted. 

In this article, we show that initiation of vinylphosphonate GTP 
follows a complex reaction network. We present a general 
procedure for kinetic analysis of living polymerizations with fast 
propagation and comparatively slow initiation. A detailed study of 
the influence of metal radii, steric demand of the monomers and 
reaction temperature on the polymerization rate gives insight into 
the mechanism of REM-GTP, both for vinylphosphonates in 
particular as well as for its general understanding. 

Results and DiscussionResults and DiscussionResults and DiscussionResults and Discussion    

We previously reported on the use of tris(cyclopentadienyl) 
lanthanide complexes (Cp3Ln) for the polymerization of diethyl 
and diisopropyl vinylphosphonate (DEVP and DIVP, 
respectively).14 Whereas the rate of initiation was found to be 
accelerated by both decreasing metal radius and increasing steric 
demand of the monomer, i.e. by higher steric crowding of the 
intermediate Cp3Ln(DAVP), the propagation rate was enhanced by 
smaller metal radii and decreasing steric demand of the monomer, 
contradicting to previous work on (meth)acrylate rare earth metal-
mediated GTP.18-20,23,45 Within the frame of this previous work, we 
could not address the origin of this faster propagation for late 
lanthanides, i.e. for higher Lewis acidity and higher steric crowding 
of the active species, in combination with an increased activity for 
smaller monomers, i.e. lower steric crowding of the active species.  

In earlier work, we applied bis(cyclopentadienyl) chloro, amide 
and methyl complexes ([Cp2LnCl]2, Cp2Ln(bdsa)(thf) and 
[Cp2YbMe]2, respectively; bdsa = bis(dimethylsilyl)amide, 
N(SiMe2H)2) for vinylphosphonate polymerization.11,12,46 For the 
chloro and amide catalysts, a distinct initiation period was evident. 
In accordance with their previous use for MMA polymerization, the 
observed initiator efficiencies were low, however, the activity is 
considerably higher for vinylphosphonate (Table 1) than for MMA 
polymerization (TOF = 7 h-1).18,47 According to our study on 
Cp3Ln-initiated vinylphosphonate GTP, the normalized activity 
TOF/I*14 was found to be strongly accelerated for later lanthanides, 
e.g. for [Cp2LnCl]2/DEVP from 1100 h-1 for Ho to 20500 h-1 for Lu 
(Table 1, entry 1-6).14 At the same time, contradicting the 
polymerization with Cp3Ln, the initiator efficiency was either 
unaffected by the metal size (Table 1) or found to decrease for 
smaller metal centers (see Ref. 11), depending on concentration 
and polymerization temperature. Hereby, all Cp3Ln and Cp2LnX 
complexes yielded polymers with the same (essentially) atactic 
polymer microstructure (Figure 1), indicating the active catalytic 
species to consistently be a Cp2Ln-unit. The normalized activity, 
however, was found to be strongly different for Cp3Ln in 
comparison to [Cp2LnCl]2, [Cp2YbMe]2 and Cp2Ln(bdsa)(thf) 
(Table 1). In order to explain the observed differences between 
Cp2LnX and Cp3Ln complexes and the differences to 
(meth)acrylate polymerizations, we conducted detailed analysis of 
both initiation and propagation of vinylphosphonate GTP. 
 

 
Figure 1. 31P NMR spectra of PDEVP (left, in D2O) and PDIVP (right, 
in CDCl3) produced with different catalysts (from top to bottom: 
[Cp2LuCl]2 (blue), Cp3Lu (black), Cp2Lu(bdsa)(thf) (green) and 
[Cp2YbMe]2 (red)). For all catalysts, polymers with (nearly) identical 
atactic polymer microstructure are obtained.     
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Table 1. DEVP polyTable 1. DEVP polyTable 1. DEVP polyTable 1. DEVP polymerization results for previously applied Cpmerization results for previously applied Cpmerization results for previously applied Cpmerization results for previously applied Cp2222LnXLnXLnXLnX catalysts (toluene, 30 catalysts (toluene, 30 catalysts (toluene, 30 catalysts (toluene, 30    °C, monomer°C, monomer°C, monomer°C, monomer----totototo----catalyst ratio 600:1)catalyst ratio 600:1)catalyst ratio 600:1)catalyst ratio 600:1)    

Catalyst Reaction time Conversiona /% Init. periodb Mn
c/kDa I*c/% TOFa/I* /h-1 TOF/I*(Cp3Ln)d /h-1 

[Cp2HoCl]2 24 h 76 180 min 810 9.6 1100 8000 

[Cp2YCl]2 6 h 70 100 min 740 9.3 3700 23000 

[Cp2ErCl]2 6 h 79 100 min 780 10.0 2800 28000 

[Cp2TmCl]2 3.5 h 86 90 min 990 8.5 5900 72000 

[Cp2YbCl]2 3 h 81 90 min 890 9.8 8400 185000 

[Cp2LuCl]2 1.5 h 93 7 min 780 11.7 20500 >265000 

Cp2Y(bdsa)(thf) 3 h 95 15 min 1040 9.0 7200 23000 

Cp2Lu(bdsa)(thf) 3 h 96 20 min 1350 7.0 21000 >265000 

[Cp2YbMe]2 30 min 99 80 sec 900 10.8 49000 185000 

aDetermined by 31P NMR spectroscopic measurement, bInitiation period, reaction time until 3% conversion is reached, cDetermined by GPC-MALS, 

I* = Mth/Mn, Mth = 600 × MMon × conversion, dnormalized activity for corresponding Cp3Ln14. 

    

Initiation mechanismInitiation mechanismInitiation mechanismInitiation mechanism    

ESI MS analysis of vinylphosphonate oligomers produced with 
[Cp2YbMe]2 shows no apparent end group (Figure S1). As 
methanolic work-up leads to chain termination by a proton, the 
exclusive observation of signals with m/z = n × MMon + MNa is 
attributed to an initiation via deprotonation yielding CH4 and an 
olefinic chain end. Similar to Cp3Ln, for [Cp2LnCl]2, initiation 
was found to proceed via transfer of a cyclopentadienyl ligand to a 
coordinated monomer (Figure S2, S3).14,48 These results clearly 
show that, depending on the ligand’s basicity and nucleophilicity, 
initiation can generally either proceed via deprotonation of the 
acidic α-CH of the vinylphosphonate or via nucleophilic transfer 
(Scheme 3). This is in line with previous observations on classical 
anionic vinylphosphonate polymerizations.11,49 
 
Scheme 3. Possible initiation reactions for rare earth metalScheme 3. Possible initiation reactions for rare earth metalScheme 3. Possible initiation reactions for rare earth metalScheme 3. Possible initiation reactions for rare earth metal----
mediatmediatmediatmediated vinylphosphonate polymerizations. ed vinylphosphonate polymerizations. ed vinylphosphonate polymerizations. ed vinylphosphonate polymerizations.     

 
 

 
Figure 2. ESI MS spectrum of DEVP oligomers produced with 
Cp2Y(bdsa)(thf). Two major series of peaks are evident: m/z = n × 
MMon + 66 + MNa (red), m/z = n × MMon + 133 + MNa (blue); MMon = 
164, end groups: MCp + MH = 66, Mbdsa + MH = 133. Peaks at m/z = 
351, 515 and 679 are attributed to fragmentation (black).48 

For the amide catalysts Cp2Ln(bdsa)(thf), on the other hand, 
two series of peaks were evident in the mass spectrometric end 
group analysis, one with a bdsa and one with a Cp end group 
(Figure 2). The ratio of these end groups was found to be strongly 
dependent on the reaction conditions and frequently, a peak 
series with olefinic chain ends was observed instead of bdsa end 
groups (Figure S4, S5). As in some cases, only olefinic chain ends 
were detected (Figure S5), this observation can be attributed to 
an elimination of the bdsa end group. Despite the simultaneous 
occurrence of two different initiation reactions, the obtained 
polymer shows a monomodal molecular weight distribution, 
indicating that both types of initiation produce the same active 
species. 

To get deeper insight in the underlying initiation mechanism, 
an NMR spectroscopic study of phosphonate coordination at the 
used complexes was conducted. Diethyl ethylphosphonate 
(DEEP) was used due to its similar steric demand in comparison 
to DEVP and as it excludes both initiation and subsequent 
polymerization. Addition of varying amounts of DEEP (0.5, 1, 2 
and 5 eq with respect to the metal center, respectively) revealed a 
monomer- (i.e. donor-) induced ligand exchange reaction 
forming Cp3Ln(DEEP) and CpLnX2(DEEP)n in equilibrium with 
the adduct Cp2LnX(DEEP) (Scheme 4, Figure 3). Line 
broadening of the DEEP 1H and 31P NMR spectroscopic signals 
indicates a fast exchange (in the NMR timescale) of coordinated 
and free DEEP (Figure 3). Larger metal centers and higher 
phosphonate concentration accelerate this exchange reaction and 
shift the equilibrium to the Cp3Ln/CpLnX2 side. MMA, which is a 
significantly weaker donor than the applied phosphonates, is 
believed to induce only a minor extent of this ligand exchange 
reaction. Additionally, we found that Cp3Ln is an inefficient 
initiator for MMA polymerization, due to the lower steric demand  

    
Scheme Scheme Scheme Scheme 4444. . . . DonorDonorDonorDonor----indindindinduced ligand exchange reaction uced ligand exchange reaction uced ligand exchange reaction uced ligand exchange reaction caused caused caused caused 
by by by by coordination of coordination of coordination of coordination of phosphonates phosphonates phosphonates phosphonates at Cpat Cpat Cpat Cp2222LnX complexesLnX complexesLnX complexesLnX complexes for  for  for  for 
the example DEEPthe example DEEPthe example DEEPthe example DEEP. . . .     
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Figure 3. 1H NMR spectra of DEEP coordination at the rare earth metal center for addition of 0.5 (red), 1 (green), 2 (black) and 5 eq (blue) of DEEP 
(in respect to the metal center) to [Cp2YCl]2 in C6D6, respectively. A donor-induced ligand exchange reaction forming Cp3Y(DEEP) and 
CpYCl2(DEEP)n in equilibrium with the adduct Cp2YCl(DEEP) is evident. For addition of 2 eq DEEP, line broadening for the DEEP 1H NMR 
spectroscopic signals shows an exchange of free and coordinated DEEP in the 1H NMR timescale. 

 

 
Figure 4. Crystal structure of the adduct Cp3Y(DEEP) (50% thermal 
ellipsoids; hydrogen atoms were omitted for clarity). Selected 
interatomic distances (Å) and bond angles (deg): Y–O(1), 2.294; 
P=O(1), 1.495; Y–O(1)=P, 7.24.  

 

 
Figure 5. Crystal structure of the adduct Cp2HoCl(DEVP) (50% 
thermal ellipsoids; hydrogen atoms were omitted for clarity). 
Selected interatomic distances (Å), bond angles (deg) and torsion 
angles (deg): Ho–Cl, 2.582; Ho–O(1), 2.227; P=O(1), 1.485; P–
C(15), 1.779; C(15)=C(16), 1.314; P=O(1)–Ho, 167.0; O(1)=P–
C(15)=C(16), -10.14. 

of MMA in comparison to DAVP.46 That leads to more stable 
Cp3Ln(MMA) adducts thus explaining the very low observed 
TOFs for MMA polymerization by [Cp2LnCl]2.18,47 

To provide proof of the identity of the Cp3Ln(DEEP) adduct, 
the NMR samples of the corresponding Y complex were overlaid 
with pentane yielding colorless crystals suitable for single crystal 
X-ray crystallography (Figure 4, S13). In attempts to crystallize a 
vinylphosphonate adduct, according to the prolonged initiation 
period, addition of 1 eq of DEVP to a toluene solution of 
[Cp2LnCl]2 (Ln = Ho, Yb), subsequent overlaying with pentane 
and cooling to -30 °C yielded the adduct Cp2LnCl(DEVP), as 
proven by X-ray crystallography. This way, we can provide first 
crystallographic proof of vinylphosphonate coordination at the 
active site via the oxygen of the phosphonate moiety (Figure 5, 
S14, S15). Previously, this type of coordination was suggested by 
1H and 31P NMR spectroscopies.13,50 Importantly, the crystal 
structures show that the Michael system of the coordinated 
vinylphosphonate is retained in an S-cis conformation with a 
pronounced π-overlap (torsion angles O=P–C=C of -10.14 and 
10.47 deg, Figure 5, S14, S15), a key prerequisite for the 
polymerizability of a monomer by a repeated conjugate addition 
polymerization, i.e. a GTP.11,18 When the isolated DEVP adducts 
are dissolved in toluene, vinylphosphonate oligomers are formed 
after a few hours at room temperature without the addition of 
further monomer. This inherent instability of the 
Cp2LnCl(DEVP) adducts provides further evidence for the 
observed ligand exchange reaction. 

Different initiators Cp2LnX were synthesized and tested for 
their vinylphosphonate polymerization behavior (Table 2). We 
found that the equilibrium of the ligand exchange is also 
dependent on the nature of X. However, except for the aryloxy-
substituted complexes Cp2Ln(OAr)(thf), in all cases, the 
formation of Cp3Ln(DEEP) was observed. Similar to [Cp2LnCl]2, 
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TaTaTaTable 2. DEVP polymerization results for ble 2. DEVP polymerization results for ble 2. DEVP polymerization results for ble 2. DEVP polymerization results for CpCpCpCp2222LnXLnXLnXLnX catalysts (toluene, 30 catalysts (toluene, 30 catalysts (toluene, 30 catalysts (toluene, 30    °C, monomer°C, monomer°C, monomer°C, monomer----totototo----catalyst ratio 600:1)catalyst ratio 600:1)catalyst ratio 600:1)catalyst ratio 600:1)    

Catalyst Reaction 
time 

Conversiona 
/% 

Init. periodb Mn
c/kDa I*c/% TOFa/I* /h-1 End groupd Extent of ligand 

exchangee 

[Cp2YCl]2 6 h 70 100 min 740 9.3 3700 Cp 15% 

Cp2Y(bdsa)(thf) 3 h 95 15 min 1040 9.0 7200 
Cp, bdsa 

(olefinic)f 3% 

[Cp2Y(OiPr)]2 30 h 26 2.5 h 1070 2.4 2000 Cp <0.5% (10%)g 

Cp2Y(OAr)(thf) 30 h - - - - - - <0.5% 

[Cp2Y(StBu)]2 3 min 100 5 sec 150 65 69000 
StBu 

(olefinic)f 4% 

Cp2Y(CH2TMS)(thf) 40 min 88 5 min 510 17 10000 olefinic 5% 

[Cp2LuCl]2 1.5 h 93 7 min 780 11.7 20500 Cp 3%  

Cp2Lu(bdsa)(thf) 3 h 96 20 min 1350 7.0 21000 
Cp, bdsa 

(olefinic)f 1% 

[Cp2Lu(OiPr)]2 30 h 52 9 h 1270 4.0 600 Cp <0.5% (<1%)g 

Cp2Lu(OAr)(thf) 30 h <1 - - - - - <0.5% 

[Cp2Lu(StBu)]2 1.5 min 100 15 sec 210 47 220000 
StBu 

(olefinic)f 2% 

Cp2Lu(CH2TMS)(thf) 30 min 92 5 min 1130 8.0 39000 olefinic 1% 

aDetermined by 31P NMR spectroscopic measurement, bInitiation period, reaction time until 3% conversion is reached, cDetermined by GPC-MALS, 

I* = Mth/Mn, Mth = 600 × MMon × conversion, ddetermined by ESI MS, econversion of Cp2LnX for addition of 5 eq of DEEP, determined from 1H 
NMR spectroscopic signals of Cp2LnX(DEEP) and Cp3Ln(DEEP), folefinic chain ends formed by end group elimination, gnumber in brackets: 
extent of dimer opening for addition of 5 eq of DEEP, determined from 1H NMR spectroscopic signals of Cp2Ln(OiPr)(DEEP) and DEEP.  

the equilibrium is shifted to the formation of Cp3Ln for larger 
metal centers and increasing donor concentration. As previously 
shown, in case of late lanthanides, Cp3Ln(DAVP) serves as an 
efficient initiator for DAVP polymerization.14 If neither 
deprotonation of the acidic α-CH nor nucleophilic transfer is 
possible due to insufficient reactivity of the LnX bond (e.g. for X 
= Cl, O(Alk/Ar)), formed Cp3Ln(DAVP) will serve as the active 
initiating species (Scheme 5). This conclusion is corroborated by 
end group analysis of produced DEVP oligomers as well as by the 
inability of Cp2Ln(OAr)(thf) (which was found to not undergo a 
ligand exchange reaction, but to decompose upon DEEP 
addition) and Cp*2LuCl(thf) (for which formation of Cp*3Lu and 
thus a ligand exchange is not possible51) to initiate polymerization 
(Table 2, Figure S6-11). 

Thiolato complexes [Cp2Ln(StBu)]2 were found to be well-
suited for the initiation of vinylphosphonate GTP. However, for 
the observed fast transfer of thiolates to a coordinated monomer, 
the opening of dimers by coordination of a vinylphosphonate 
becomes rate-limiting (Scheme 5), as underlined by the 
lengthened initiation period and lower I* of the more stable 
[Cp2Lu(StBu)]2 dimer in comparison its Y analogue (Table 5, 
entries 5 and 11). This conclusion is supported by the observation 
that weaker coordinating monomers, e.g. 2-isopropylene-2-
oxazoline, may not open bis(cyclopentadienyl) chloro- and 
thiolato-dimers, thus inhibiting polymerization.43 For the more 
stable alkoxy dimers (e.g. [Cp2Ln(OiPr)]2), this limitation was 
observed also for the stronger coordinating vinylphosphonates as 
an incomplete reaction with DEEP to form Cp2Ln(OiPr)(DEEP) 
(Table 2, entries 3 and 9)).  

Similar to bdsa, StBu end groups were found to be prone to 
elimination (Figure S8, S9). Even if an acidified work-up 
procedure is used, olefinic chain ends are still observed. 
According to the low basicity of the thiolato ligand, a formation of 
these olefinic chain ends by initial deprotonation of a coordinated 
vinylphosphonate can be ruled out. Steric repulsion between 
these bulky end groups and the phosphonate moiety is a major 
driving force of the elimination reaction, as larger monomers, e.g. 
DIVP, were found to facilitate this reaction, i.e. StBu end groups 
could not be found in ESI MS analysis of produced PDIVP 
oligomers (thus also ruling out a formation of olefinic chain ends 
solely due to fragmentation, Figure S12).  

In case of Cp2Ln(bdsa)(thf), the observation of different end 
groups indicates an initiation by both bdsa transfer and a donor-
induced ligand exchange. The reaction rates of these two types of 
initiation show a different dependency on catalyst and monomer 
concentration, thus explaining the observed strong sensitivity of 
the obtained ratio of end groups on the reaction conditions. 
According to [Cp2YbMe]2, ESI MS analysis of DEVP oligomers 
produced with strongly basic CH2TMS initiators revealed an 
initiation by deprotonation of the acidic α-CH of the 
vinylphosphonate. The low initiator efficiencies of both Me and 
CH2TMS initiators (Table 1 and 2) show that deprotonation of 
α-acidic monomers is a slow and thus unsuitable form of initiation 
for REM-GTP. 

The above results clearly show that initiation of vinyl-
phosphonate REM-GTP with unbridged rare earth metallocenes 
(Cp2LnX) follows a complex reaction pathway (Scheme 5). 
Depending on the nature of X, initiation can either proceed via an  
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Scheme 5Scheme 5Scheme 5Scheme 5. . . . Initiation of vinylphosphonate GTP using unbrInitiation of vinylphosphonate GTP using unbrInitiation of vinylphosphonate GTP using unbrInitiation of vinylphosphonate GTP using unbridged rare earth metallocenes (Cpidged rare earth metallocenes (Cpidged rare earth metallocenes (Cpidged rare earth metallocenes (Cp2222LnX) LnX) LnX) LnX) viaviaviavia deprotonation of the acidic α deprotonation of the acidic α deprotonation of the acidic α deprotonation of the acidic α----
CH, nucleophilic transfer of X or CH, nucleophilic transfer of X or CH, nucleophilic transfer of X or CH, nucleophilic transfer of X or viaviaviavia a monomer a monomer a monomer a monomer----induced ligand exchange reactioninduced ligand exchange reactioninduced ligand exchange reactioninduced ligand exchange reaction    forming Cpforming Cpforming Cpforming Cp3333Ln(DAVP).Ln(DAVP).Ln(DAVP).Ln(DAVP). 

    
    

abstraction of the acidic α-CH of the vinylphosphonate (e.g. for X 
= Me, CH2TMS), via nucleophilic transfer of X to a coordinated 
momoner (e.g. for X = Cp, SR) or via a monomer- (i.e. donor-) 
induced ligand exchange reaction forming Cp3Ln in equilibrium 
(e.g. for X = Cl, OR), which serves as the active initiating and 
catalytic species. Each of the reaction steps (Scheme 5) can be 
rate-limiting and different initiations may also occur 
simultaneously (e.g. for X = N(SiMe2H)2). However, only 
nucleophilic transfer ensures a sufficiently fast and thus 
homogeneous initiation of REM-GTP of fast-polymerizing α-
acidic monomers (e.g. vinylphosphonates). The traditionally used 
strongly basic methyl, CH2TMS or hydride initiators18-21 are not 
suitable for these α-acidic monomers, as the occurring initiation 
by deprotonation is rather slow. The efficient use of sterically 
crowded Cp3Ln complexes is limited to large monomers and 
thiolate end groups were found to be prone to elimination, hence, 
in order to obtain versatile REM-GTP initiators and to open the 
access to a broad range of chain end functionality, further catalyst 
development is essential.  

    

    

Propagation mechanismPropagation mechanismPropagation mechanismPropagation mechanism    

The investigations on the initiation mechanism revealed that 
Cp2LnX-initiated vinylphosphonate polymerizations are generally 
mediated by a Cp2Ln-unit. Nevertheless, the observed normalized 
activities TOF/I* of different bis(cyclopentadienyl) complexes 
with identical metal center are not the same (Table 1, 2). For 
ideal living polymerizations, i.e. living polymerizations for which 
the initiation rate is considerably faster than the propagation rate, 
I* is mainly determined by an initial initiator deactivation and 
does therefore not change during the course of polymerization. 
REM-GTP of vinylphosphonates is very fast and therefore 
primarily limited by an inefficient initiation reaction. Thus, the 
initiator efficiency I* is significantly increasing during polymeri-
zation. Consequently, for a proper comparison of the catalytic 
activity, I* has to be determined throughout the whole reaction. 
Better normalization results are yielded, if the initiator efficiency 
at the maximum rate of monomer conversion I*t is used instead of 
this efficiency at the end of the reaction (Figure 6).  

    
Figure 6. Conversion-reaction time plot for polymerization of DEVP, 
change of I*t during the reaction and corresponding normalized 
TOFs (8.6 mg [Cp2Y(StBu)]2, 7.5vol% DEVP in toluene (20 mL), 
30 °C). 

 

In case of very fast polymerization reactions, as observed e.g. 
for polymerization of DEVP, the maximum rate is typically 
observed for a conversion of approximately 15-40% (Figure 6). 
Thus, temperature (it is not possible to completely remove the 
reaction heat from the system) and viscosity effects cannot be 
entirely excluded, especially for high monomer concentrations. As 
GTP is sensitive to protic impurities and since GPC analysis 
needs to be performed with the aliquots taken in order to 
determine I*t, there is also a lower concentration limit for reliable 
kinetic analysis. In our study, we found that 2.5 to 10vol% 
monomer concentration in toluene are ideal. 

The general rate law for catalyzed polymerizations reads 

r = k ×[Cat]m × [Mon]n.    (1) 

 

For a meaningful kinetic analysis, we use the maximum rate of 
conversion, the present active catalyst concentration [Cat*] and 
the residual monomer concentration [Mon]. In accordance with a 
living-type polymerization, we calculate these concentrations 
following 

[Cat*] = [Cat]0 × I*t   (2) 

and 

[Mon] = [Mon]0 × (1-C)   (3) 
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Figure 7. Determination of catalyst order (Cp3Tm, 5vol% DEVP in 
toluene, 30 °C). 

 

with the overall catalyst concentration [Cat]0, the initial monomer 
concentration [Mon]0, the conversion C and  

I*t = MMon × ([Mon]0/[Cat]0) × C/Mn  (4) 

with the monomer molar mass MMon and the number-averaged 
molecular weight Mn at the given reaction time t as determined via 
absolute analysis using GPC-MALS. This normalization with the 
initiator efficiency I*t both addresses inefficient initiation and 
catalyst deactivation due to (protic) impurities. 

As the initiator efficiency depends on concentration and 
monomer-to-catalyst ratio, the active catalyst concentration 
cannot be exactly predicted. Thus, for the determination of the 
reaction orders, first, the initial monomer concentration is kept 
constant to determine the order in catalyst m. For different 
concentrations of the same catalyst at otherwise identical reaction 
conditions, the maximum rate is consistently reached at similar 
conversion. Therefore, also the residual monomer concentration 
is assumed to be constant and ln(r) is plotted against ln([Cat*]) 
yielding a reaction order of m = 1 for every evaluated catalyst 
(Figure 7, S16, Table S1, S2). Consequently, rare earth metal-
mediated vinylphosphonate GTP follows a monometallic 
propagation according to the mechanism previously shown for 
(meth)acrylic monomers (Scheme 1a).  

In order to verify the corresponding RDS, the monomer order 
n is determined following 

 r/[Cat*] = k × [Mon]n   (5) 

by plotting ln(r/[Cat*]) against ln([Mon]). 

The viscosity of the reaction mixture is mainly dependent on 
molecular weight and concentration of the formed polymer. 
Consequently, this viscosity is strongly affected by the initial 
monomer concentration, thus making a reliable determination of 
the monomer reaction order difficult. Only catalysts with high 
initiator efficiency I*t allow kinetic analysis of the monomer order, 
as they both yield lower molecular weight polymers and exhibit 
their maximum rate for rather low conversions (below 30%). 
Moreover, an initial heterogeneous polymerization is observed for 
fast-initiating complexes with poor solubility in toluene, such as 
Cp3Ln. Accordingly, Cp3Tm allows determination of the catalyst 
order for DEVP polymerization as it dissolves completely during 
an initiation period of approximately one minute providing 
initiator efficiencies I*t of 13-21% (Figure 7, Table S1). However, 
for these low initiator efficiencies, a reliable determination of  

 
Figure 8. Determination of catalyst order ([Cp2Y(StBu)]2, 12.5vol% 
DIVP in toluene, 30 °C. 

 
Figure 9. Determination of monomer order ([Cp2Y(StBu)]2, 2.5-
10vol% DEVP in toluene, 30 °C). 

 

monomer orders is not possible. In addition, catalyst orders for 
DIVP polymerization may not be obtained using Cp3Ln due to an 
occurring initial heterogeneous polymerization. 

For this purpose, a better soluble complex with higher initiator 
efficiency is necessary. [Cp2Y(StBu)]2 was used as it dissolves 
instantly upon monomer addition and reaches initiator 
efficiencies I*t of 35-54% and 57-86% in case of DEVP and DIVP 
polymerization, respectively (Table S2-S5). Using this thiolato 
yttrocene, the order in catalyst for DIVP polymerization could be 
determined as m = 1, showing that further increase of the 
monomer steric demand does not lead to a change of the 
polymerization mechanism (Figure 8, Table S3). Determination 
of the monomer order according to equation (5) yields n = 1 for 
polymerization of both DEVP and DIVP (Figure 9, S17, Table 
S4, S5). 

These results clearly show that rare earth metal-mediated 
vinylphosphonate GTP follows a monometallic Yasuda-type 
polymerization mechanism, with an SN2-type associative 
displacement of the polymer phosphonate ester by a monomer as 
the RDS as depicted in Scheme 2b. This conclusion is in line with 
theoretical calculations from Ziegler et al.28 on REM-GTP of 
methyl acrylate (MA), which have shown the RDS to be the first 
transition state for an associative displacement of the metal 
polymer ester bond by an incoming MA molecule via a 
pentacoordinated intermediate. Whether the addition of 
vinylphosphonate occurs via a back-side or front-side attack, i.e. 
via chain-retention or chain migratory mechanism, may not be 
verified this way. For this purpose, studies on the stereospecifity  
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Figure 10. Eyring-plot for [Cp2Y(StBu)]2-initiated DEVP (10vol%) 
polymerization in toluene (-7 – 52 °C, ΔH‡ = 38.3 kJ mol-1, ΔS‡ = 
-88.6 J (mol K)-1). 

 

of CS- or C1-symmetric catalysts and/or theoretical calculations 
need to be performed. Such studies are currently underway in our 
laboratories. The coordination strength of 2-isopropylene-
oxazoline or methacrylates at the metal center is not sufficient to 
open the eight-membered ring intermediate by substitution of a 
coordinated phosphonate. This explains the previously observed 
unfeasible consecutive polymerization of these monomers after 
vinylphosphonates.11,12,43 

Still, these results provide no explanation of the origin of the 
influence of metal radii and steric demand of monomers on the 
catalytic activity. For this purpose, temperature-dependent kinetic 
analysis was performed to determine activation enthalpies ΔH‡ 
and entropies ΔS‡ according to the Eyring equation 

ln(k/T) = -ΔH‡/R × 1/T + ΔS‡/R + ln(kB/h)  (6) 

with the rate constant k, the temperature T, the gas constant R, 
the Boltzmann constant kB and the Planck constant h. Plotting 
ln(k/T) against 1/T yields the activation enthalpy and entropy of 
the RDS (Figure 10). 

These experiments were performed for the metal centers Lu, 
Tm, Y and Tb (in order of increasing metal ionic radius52) as well 
as for the monomers DEVP and DIVP (Table 3, S6-S12, 
Figure 10, S18-S23). Contradicting the reactivity order of 
different rare earth metals for MMA polymerization previously 
reported by Yasuda et al. (Sm > Y > Yb > Lu)23, vinylphosphonate 
GTP is accelerated by a decreasing ionic radius of the metal 
center (see also Ref. 14). 

Surprisingly, for both monomers, ΔH‡ was found to not be 
affected by the metal ionic radius (within the limits of 
experimental accuracy of ca. 1 - 2 kJ mol-1). Thus, enthalpic 
effects, e.g. the Ln–(O=P) bond strength as a function of the 
Lewis acidity and the metallacycle ring strain as a function of the 
radius of the metal center, do therefore not determine the activity 
of different rare earth metals for vinylphosphonate GTP. In fact, 
different activation barriers ΔG‡ were found to be a result of a 
change of -TΔS‡, which was found to decrease linearly with 
decreasing metal ionic radius (Table 3, Figure 11). Hence, higher 
activity is caused by a less pronounced loss of degrees of freedom 
in the RDS for smaller metal centers. The corresponding active 
centers are sterically more crowded both in the ground as well as 
in the transition state. The decrease of the activation barrier for 
smaller metal centers due to ΔS‡ shows that the resulting increase  

Table 3. Activation enthalpy ΔHTable 3. Activation enthalpy ΔHTable 3. Activation enthalpy ΔHTable 3. Activation enthalpy ΔH‡ ‡ ‡ ‡ and entropyand entropyand entropyand entropy ΔS ΔS ΔS ΔS‡‡‡‡    
dependence on ionic radius and monomer steric demanddependence on ionic radius and monomer steric demanddependence on ionic radius and monomer steric demanddependence on ionic radius and monomer steric demand    

 DEVP DIVP 

metal 
center 

radius 
/pma 

 ΔH‡ 
/kJ mol-1 

ΔS‡ 

/J (K mol)-1 
 ΔH‡ 

/kJ mol-1 
 ΔS‡         

/J (K mol)-1 

Tb 106.3 38.5 -102 41.3 -124 

Y 104.0 38.3 -88.6 40.7 -112 

Tm 102.0 39.1 -82.8 - - 

Lu 100.1 38.7 -73.6 42.0 -99.1 

aLn3+ ionic radius52. 

 

 
Figure 11. Activation enthalpy (red squares) and entropy (blue 
diamonds) for DEVP polymerization using Cp2LnX catalysts in 
dependence of the metal ionic radius. 

 

of steric constraints leads to a destabilization of the eight-
membered ring polymerization ground state relative to the 
transition state.  

 An increase of monomer steric demand leads to an increase of 
both ΔH‡ and -TΔS‡ (Table 3). Hereby, at room temperature, the 
change of ΔS‡ has a larger effect on the propagation rate (ΔΔH‡ ≈ 
3 kJ mol-1, -TΔΔS‡ ≈ 7 kJ mol-1 for DEVP vs DIVP). Hence, 
increasing steric demand of the monomers leads to relative 
destabilization of the transition state, which can again be largely 
attributed to a higher loss of degrees of freedom. The resulting 
faster propagation for smaller monomers is in agreement with the 
reactivity order previously determined for methacrylates, but 
contrary to the one observed for acrylates.19,23,45  

Importantly, a recent study on statistical copolymerization of 
different DAVPs revealed that the rate of vinylphosphonate GTP 
is mainly determined by the steric demand of the growing chain 
end, not by the added monomer.16 Taking these considerations 
into account, the following mechanistic conclusions on rare earth 
metal-mediated GTP of vinylphosphonates can be drawn: 

(1) The steric demand of the incoming monomer only shows 
minor influence on the propagation rate. Ziegler et al.28 have 
shown coordinative-anionic polymerization of MA to proceed via 
a pentacoordinated intermediate with its formation by coor-
dination of MA as the RDS. In the corresponding transition state, 
the metal–(O=C) bond to the incoming monomer is much longer 
than the metal–(O=C) bond to the polymer ester. In the present 
case, assuming REM-GTP of DAVP also proceeds over a penta-
coordinated intermediate, the longer Ln–(O=P) bond in the 
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Scheme 6. Scheme 6. Scheme 6. Scheme 6. ElementalElementalElementalElemental steps of  steps of  steps of  steps of rare earth rare earth rare earth rare earth mediated GTP of vinylphomediated GTP of vinylphomediated GTP of vinylphomediated GTP of vinylphosphonates.sphonates.sphonates.sphonates.    The rateThe rateThe rateThe rate----limiting step is an Slimiting step is an Slimiting step is an Slimiting step is an SNNNN2222----type associative type associative type associative type associative 
displacement of the polymer phosphonate ester by a vinylphosphonate monomer, presumably displacement of the polymer phosphonate ester by a vinylphosphonate monomer, presumably displacement of the polymer phosphonate ester by a vinylphosphonate monomer, presumably displacement of the polymer phosphonate ester by a vinylphosphonate monomer, presumably viaviaviavia    a pentacoordinated intermediatea pentacoordinated intermediatea pentacoordinated intermediatea pentacoordinated intermediate....    

 
    

corresponding transition state leads to a relatively small steric 
demand of the added vinylphosphonate (in comparison to the 
growing chain end). The resulting minor effect of the steric 
demand of the added monomer on the propagation rate is in 
accordance with our observations (vide supra), thus providing 
initial evidence for the associative displacement to proceed over 
two transition states via a pentacoordinated intermediate 
(Scheme 6). 

(2) Smaller metal centers destabilize the propagation ground 
state by a more confined arrangement of the eight-membered 
metallacycle according to the higher steric constraints caused by 
shorter Ln–Cp, Ln–(O–P) and Ln–(O=P) bonds. Contradicting 
to our expectation, the destabilization of the ground state is not of 
enthalpic (i.e. ring strain or the Ln–(O=P) bond strength), but of 
entropic nature (i.e. rotational and vibrational limitations in the 
eight-membered metallacycle). In the transition state, the          
Ln–(O=P) polymer phosphonate ester bond is lengthened, thus 
compensating part of the steric stress induced by the coordination 
of a vinylphosphonate monomer. This effect is larger for a 
stronger destabilization of the ground state, i.e. for smaller metal 
centers. Accordingly, we also expect an acceleration of 
vinylphosphonate REM-GTP by the introduction of sterically 
more demanding ligand systems (e.g. Cp*2 instead of Cp2). Such 
studies are currently underway in our laboratories.  

(3) Higher steric demand of the growing polymer chain end 
(i.e. sterically more demanding side chains) leads to a relative 
destabilization of the transition state by both enthalpic and 
entropic effects, with the latter having the larger impact on the 
activation barrier. In comparison to the propagation ground state, 
the incoming monomer increases the steric crowding at the metal 
center (Scheme 6), leading to higher steric constraints within the 
eight-membered metallacycle, however, with the actual monomer 
size playing only a minor role (vide supra). In contrast, larger 
metallacycle side chains induce a stronger increase of rotational 
and vibrational restrictions in the RDS, thus destabilizing the 
transition state. 

 

In summary, the propagation rate of vinylphosphonate GTP is 
mainly determined by the change of rotational and vibrational 
restrictions within the eight-membered metallacycle in the RDS 
as a function of the steric demand of the metallacycle side chains 
and the steric crowding at the metal center. In contrast to 
(meth)acrylates, the constitution of DAVP is tetrahedral and 
DAVPs are sterically more demanding. Therefore, rotational 
limitations (especially of the polymer substituent in the eight-
membered metallacycle) and thus entropic effects are believed to 
have a stronger effect on DAVP than for (meth)acrylate GTP. In 
previous mechanistic studies on coordinative-anionic polymeri-
zation of (meth)acrylates, entropic effects have been largely disre-
garded,27,28,32,36-40 even if Eyring-plots were conducted.37 In case of 
theoretical studies, the inclusion of entropic effects is 
computationally extremely expensive.28,39 However, taking into 
account the drastic effect of the metal radius and the monomer 
size on the activation entropy for vinylphosphonate GTP, also for 
(meth)acrylic monomers, experimental studies on activation 
entropies and theoretical studies on the free energy surface with a 
separate investigation of enthalpic and entropic effects may 
provide useful insight into the mechanism of monometallic rare 
earth metal-/ group 4 metallocenium cation-mediated GTP. 

In case of coordinative-anionic polymerizations, it is well-
established that the metal center has to remain easily accessible in 
order to ensure high activities. The current study and the present 
activity trend for vinylphosphonate GTP (smaller metal centers 
yield higher active catalysts) questions the general applicability of 
this concept. This conclusion is in line with previous observations 
by Chen et al.40, which have found an increase of steric crowding 
at the active site does not only yield higher stereospecifity and a 
suppression of side reactions, but also an acceleration of the 
propagation. Hence, in order to obtain high activity, the steric 
crowding of the catalyst needs to be well-adjusted: high enough to 
ensure sufficient destabilization of the eight-membered metalla-
cycle ground state and to prohibit unfavored side reactions (e.g. 
site epimerization), small enough to still facilitate an SN2-type 
associative displacement of the polymer ester by an incoming 
monomer. 
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ConclusionConclusionConclusionConclusion    

In this manuscript, the first detailed mechanistic studies on 
both initiation and propagation of rare earth metal-mediated 
GTP of vinylphosphonates have been presented. During the 
course of our study, we were able to isolate the DEVP adducts 
Cp2LnCl(DEVP), providing first X-ray crystallographic proof for 
vinylphosphonate coordination at the active site via the oxygen of 
the phosphonate moiety, and thus further supporting the 
hypothesis of GTP mechanism taking place. We have shown that 
the reactive α-CH and the use of unbridged rare earth 
metallocenes lead to a complex initiation network for vinyl-
phosphonate GTP. Depending on the nature of the initiating 
ligand, initiation can either proceed via abstraction of the acidic α-
CH of the vinylphosphonate, via transfer of a nucleophilic ligand 
to a coordinated momoner or via a monomer- (i.e. donor-) 
induced ligand exchange reaction forming Cp3Ln in equilibrium, 
which serves as the active initiating and catalytic species. We 
found the applied initiators, especially traditionally used strongly 
basic methyl, CH2TMS or hydride initiators, to suffer from 
different limitations, thus restricting their efficient use to selected 
monomers only. Therefore, rare earth metal-based GTP catalysts 
still require further development of versatile initiating ligands for 
an efficient application to a variety of monomers.  

A detailed kinetic analysis of DAVP REM-GTP has been 
complicated by a very fast polymerization reaction in com-
bination with a comparably slow initiation. Thus, the overall 
reaction rate is influenced by both initiation and propagation. In 
this manuscript, we have shown a general differential approach to 
separately analyze the propagation reaction for such living 
polymerizations. Time-resolved analysis of monomer conversion 
and molecular weights of the formed polymers allows the 
determination of the initiator efficiency throughout the whole 
reaction. Using this normalization method, rare earth metal-
mediated GTP was shown to follow a monometallic Yasuda-type 
polymerization mechanism, with an SN2-type associative 
displacement of the polymer phosphonate ester by a monomer as 
the RDS. The activation entropy ΔS‡ of the RDS is strongly 
affected by the metal radius and the monomer size, whereas these 
parameters show only minor influence on the activation enthalpy 
ΔH‡. As the steric demand of the added monomer shows only a 
minor influence on the propagation rate, the associative 
displacement is very likely to proceed over two transition states 
via a pentacoordinated intermediate. In order to support the 
mechanistic conclusions drawn in this manuscript, further studies 
with a modified ligand architecture (especially C1- and CS-
symmetric complexes) as well as theoretical calculations are 
currently underway.  

The presented results show that the extension of REM-GTP 
beyond (meth)acrylates allows new insights into the underlying 
mechanisms, but requires further catalyst development, especially 
concerning the search for versatile and efficient initiators as well 
as the regarding the optimization of the steric crowding of the 
active propagation site. 

 

 

 

Experimental SectionExperimental SectionExperimental SectionExperimental Section    

 

GeneralGeneralGeneralGeneral    

All reactions were carried out under argon atmosphere using 
standard Schlenk or glovebox techniques. All glassware was heat 
dried under vacuum prior to use. Unless otherwise stated, all 
chemicals were purchased from Sigma-Aldrich, Acros Organics or 
ABCR and used as received. Toluene, THF and pentane were 
dried using an MBraun SPS-800 solvent purification system. 
Hexane, isopropanol, tert-butylthiol and DEEP were dried over 
3Å molecular sieve. Cp3Ln,53 [Cp2LnCl]2,54 [Cp2YbMe]2,55 
Cp*2LuCl(thf),56 NaCp,57 Li(bdsa),58 the precursor complexes 
Ln(bdsa)3(thf)2 and Ln(CH2TMS)3(thf)2,58,59 as well as the 
monomers DEVP and DIVP49 were prepared according to 
literature procedures. Monomers were dried over calcium hydride 
and destilled prior to use. 

NMR spectra were recorded on a Bruker AV-300 or AV-500C  
spectrometer. 1H, 13C and 29Si NMR spectroscopic chemical shifts 
δ are reported in ppm relative to tetramethylsilane. δ(1H) is 
calibrated to the residual proton signal, δ(13C) to the carbon 
signal and δ(29Si) to the deuterium signal of the solvent. 31P NMR 
spectroscopic chemical shifts are reported in ppm relative to and 
calibrated to 85% aqueous H3PO4. Deuterated solvents were 
obtained from Deutero or Eurisotop and dried over 3Å molecular 
sieve. Elemental analyses were measured at the Laboratory for 
Microanalytics at the Institute of Inorganic Chemistry at the 
Technische Universität München. ESI MS analytical 
measurements were performed with methanol solutions on a 
Varian 500-MS spectrometer, using 70 keV in the positive 
ionization mode. IR spectra were recorded under argon 
atmosphere on a Bruker Vertex 70 spectrometer with a Bruker 
Platinum ATR set-up and the integrated MCT detector. Samples 
were applied as THF solution or Et2O suspension and measured 
after evaporation of the solvent. 

 

Complex SynthesisComplex SynthesisComplex SynthesisComplex Synthesis    

GeneraGeneraGeneraGeneral procedure for synthesis of l procedure for synthesis of l procedure for synthesis of l procedure for synthesis of CpCpCpCp2222Ln(bdsa)(thf)Ln(bdsa)(thf)Ln(bdsa)(thf)Ln(bdsa)(thf). 2 eq 
of freshly distilled cyclopentadiene are added to a toluene solution 
of 1eq of Ln(bdsa)3(thf)2 (ca.  0.25 M). The resulting solution is 
stirred overnight at 110 °C in a pressure schlenk vessel, the solvent 
and formed 1,1,3,3-tetramethyldisilazane are removed in vacuo 
and the resulting solid is recrystallized from toluene at -35 °C. 

CpCpCpCp2222Y(bdsa)(thf)Y(bdsa)(thf)Y(bdsa)(thf)Y(bdsa)(thf): : : : Yield: 15.5 g colorless crystals (36.8 mmol, 
75%). 1H NMR (C6D6, 298 K, 300 MHz): δ = 0.34 (d, 12H, 3J(H-
H) = 3.0 Hz, Si-CH3), 1.15 (m, 4H, THF-HI), 3.36 (m, 4H, THF-
HII), 4.28 (m, 2H, Si-H), 6.13 (s, 10H, Cp-H). 13C NMR (C6D6, 
300 K, 125 MHz): δ = 3.4 (s, Si-CH3), 25.2 (s, THF-CI), 71.9 (s, 
THF-CII), 110.7 (s, Cp-C). 29Si NMR (C6D6, 300K, 100 MHz):  δ 
= -25.4 (s). IR (cm-1): 3674, 3566, 3087, 2974, 2885, 2704, 2083, 
2046, 1645, 1458, 1439, 1369, 1346, 1241, 1175, 1059, 1032, 
1009, 913, 872, 778, 766, 699. EA: calculated: C 51.05, H 7.62, N 
3.31; found: C 50.83, H 7.63, N 3.27. 

CpCpCpCp2222Lu(bdsa)(thf): Lu(bdsa)(thf): Lu(bdsa)(thf): Lu(bdsa)(thf): Yield: 9.5 g colorless crystals (18.6 mmol, 
78%). 1H NMR (C6D6, 298 K, 300 MHz): δ = 0.37 (d, 12H, 3J(Si-
H) = 3.1 Hz, Si-CH3), 1.23 (m, 4H, THF-HI), 3.35 (m, 4H, THF-
HII), 4.28 (m, 2H, Si-H), 6.11 (s, 10H, Cp-H). 13C NMR (C6D6, 
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298 K, 75 MHz): δ = 3.5 (s, Si-CH3), 25.3 (s, THF-CI), 72.2 (s, 
THF-CII), 110.3 (s, Cp-C). 29Si NMR (C6D6, 298 K, 60 MHz):  δ 
= -23.7 (s). IR (cm-1): 3561, 3090, 2954, 2707, 2098, 2049, 1438, 
1249, 1179, 1011, 906, 875, 779, 735. EA: calculated: C 42.42, H 
6.33, N 2.75; found: C 41.90, H 6.29, N 2.91.   

CpCpCpCp2222Tb(bdsa)(thf): Tb(bdsa)(thf): Tb(bdsa)(thf): Tb(bdsa)(thf): Yield: 1.95 g colorless crystals (3.9 mmol, 
70%). IR (cm-1): 3666, 3085, 2974, 2886, 2705, 2107, 2045, 
1636, 1458, 1439, 1369, 1346, 1243, 1175, 1059, 1033, 1010, 
879, 777, 763, 688. EA: calculated: C 43.80, H 6.54, N 2.84; 
found: C 43.79, H 6.70, N 2.78. 

General procedure for synthesis of CpGeneral procedure for synthesis of CpGeneral procedure for synthesis of CpGeneral procedure for synthesis of Cp2222Ln(CLn(CLn(CLn(CHHHH2222TMS)(thf)TMS)(thf)TMS)(thf)TMS)(thf). 
2 eq of freshly distilled cyclopentadiene are added to a toluene 
solution of 1eq of Ln(CH2TMS)3(thf)2 (ca.  0.25 M). The 
resulting solution is stirred overnight at r.t., the solvent and 
formed tetramethylsilane are removed in vacuo and the resulting 
solid is recrystallized from toluene/hexane at -35 °C. 

CpCpCpCp2222Y(CHY(CHY(CHY(CH2222TMS)(thf): TMS)(thf): TMS)(thf): TMS)(thf): Yield: 5.4 g colorless needles (14.3 
mmol, 65%). 1H NMR (C6D6, 300 K, 500 MHz): δ = -0.67 (d, 
2H, 2J(Y-H) = 3.5 Hz, Si-CH2), 0.43 (s, 9H, Si-CH3), 0.92 (m, 
4H, THF-HI), 2.95 (m, 4H, THF-HII), 6.12 (s, 10H, Cp-H). 13C 
NMR (C6D6, 300 K, 125 MHz): δ = 4.8 (s, Si-CH3), 24.9 (s, 
THF-CI), 25.4 (d, 1J(Y-C) = 42.5 Hz, Si-CH2), 71.2 (s, THF-CII), 
110.4 (s, Cp-C). 29Si NMR (C6D6, 300K, 100 MHz):  δ = -3.0 (s). 
IR (cm-1): 3674, 3559, 3087, 2955, 2893, 2707, 1638, 1459, 1438, 
1422, 1368, 1345, 1287, 1248, 1011, 861, 766, 696. EA: 
calculated: C 57.13, H 7.72; found: C 57.21, H 7.85. 

CpCpCpCp2222Lu(CHLu(CHLu(CHLu(CH2222TMS)(thf): TMS)(thf): TMS)(thf): TMS)(thf): Yield: 5.5 g beige solid (11.9 mmol, 
78%). 1H NMR (C6D6, 300 K, 500 MHz): δ = -0.76 (s, 2H, Si-
CH2), 0.43 (s, 9H, Si-CH3), 0.89 (m, 4H, THF-HI), 2.91 (m, 4H, 
THF-HII), 6.06 (s, 10H, Cp-H). 13C NMR (C6D6, 300 K, 125 
MHz): δ = 5.0 (s, Si-CH3), 24.9 (s, THF-CI), 27.3 (s, Si-CH2), 
71.5 (s, THF-CII), 109.8 (s, Cp-C). 29Si NMR (C6D6, 300K, 100 
MHz):  δ = -0.8 (s). IR (cm-1): 3563, 3091, 2953, 2896, 2710, 
1459, 1439, 1420, 1287, 1248, 1122, 1013, 859, 775, 695. EA: 
calculated: C 46.55, H 6.29; found: C 45.93, H 6.10. 

General procedure for synthesis of CpGeneral procedure for synthesis of CpGeneral procedure for synthesis of CpGeneral procedure for synthesis of Cp2222LnX.LnX.LnX.LnX. 1 eq of a stem 
solution of XH in toluene (ca. 5 w%) is added dropwise to a 
toluene solution of 1 eq of Cp2Ln(bdsa)(thf) (ca.  0.1 M). The 
resulting mixture is stirred overnight at r.t., the solvent and 
formed 1,1,3,3-tetramethyldisilazane are removed in vacuo 
yielding pure product in quantitative yield. 

[[[[CpCpCpCp2222Y(OY(OY(OY(OiiiiPr)Pr)Pr)Pr)]]]]2222: : : : Yield: 230 mg white powder (0.83 mmol). 1H 
NMR (THF-d8, 298 K, 300 MHz): δ = 1.25 (d, 6H, 3J(H-H) = 
6.0 Hz, CH3), 3.84 (sp, 1H, 3J(H-H) = 6.0 Hz, O-CH(CH3)2), 
6.20 (s, 10H, Cp-H). 13C NMR (THF-d8, 298 K, 75 MHz): δ = 
28.8 (s, CH3), 68.6 (s, O-CH(CH3)2),), 112.1 (s, Cp-C). IR 
(cm-1): 3092, 2960, 2926, 2836, 1653, 1459, 1379, 1368, 1329, 
1254, 1157, 1118, 1011, 952, 811, 793, 782, 768, 752. EA: 
calculated: C 56.13, H 6.16; found: C 55.92, H 5.98. 

[[[[CpCpCpCp2222Lu(OLu(OLu(OLu(OiiiiPr)Pr)Pr)Pr)]]]]2222: : : : Yield: 150 mg beige powder (0.42 mmol). 
1H NMR (C6D6, 298 K, 300 MHz): δ = 0.87 (d, 6H, 3J(H-H) = 
6.1 Hz, CH3), 3.49 (sp, 1H, 3J(H-H) = 6.1 Hz, O-CH(CH3)2), 
6.12 (s, 10H, Cp-H). 13C NMR (C6D6, 300 K, 125 MHz): δ = 
28.2 (s, CH3), 68.3 (s, O-CH(CH3)2),), 110.8 (s, Cp-C). IR 
(cm-1): 3096, 3071, 2965, 2926, 2842, 1662, 1459, 1381, 1367, 

1331, 1257, 1158, 1117, 1010, 951, 818, 796, 786, 754, 676. EA: 
calculated: C 42.87, H 4.70; found: C 42.17, H 4.50. 

CpCpCpCp2222Y(O(CY(O(CY(O(CY(O(C6666HHHH2222(CH(CH(CH(CH3333))))3333))))(thf)(thf)(thf)(thf): : : : Yield: 200 mg yellow crystals 
(0.47 mmol). 1H NMR (C6D6, 300 K, 500 MHz): δ = 1.06 (m, 
4H, THF-HI), 2.29 (s, 6H, ortho-CH3), 2.38 (s, 3H, para-CH3), 
3.24 (m, 4H, THF-HII), 6.13 (s, 10H, Cp-H), 7.03 (s, 2H, Ar-H). 
13C NMR (THF-d8, 300 K, 125 MHz): δ = 18.9 (s, ortho-CH3), 
21.0 (s, para-CH3), 26.7 (s, THF-CI), 68.5 (s, THF-CII), 111.2 (s, 
Cp-C), 123.8 (para-CAr-CH3), 125.4 (ortho-CAr-CH3), 129.4 (s, 
CArH), 161.0 (d, 2J(Y-C) = 5.2 Hz, CAr-O). IR (cm-1): 3086, 
2958, 2910, 2854, 1648, 1608, 1478, 1426, 1312, 1266, 1229, 
1197, 1160, 1013, 856, 828, 772, 741. EA: calculated: C 64.79, H 
6.86; found: C 64.75, H 6.99. 

CpCpCpCp2222Lu(O(CLu(O(CLu(O(CLu(O(C6666HHHH2222(CH(CH(CH(CH3333))))3333))))(thf)(thf)(thf)(thf): : : : Yield: 210 mg yellow crystals 
(0.42 mmol). 1H NMR (C6D6, 298 K, 300 MHz): δ = 1.05 (m, 
4H, THF-HI), 2.27 (s, 6H, ortho-CH3), 2.39 (s, 3H, para-CH3), 
3.25 (m, 4H, THF-HII), 6.07 (s, 10H, Cp-H), 7.04 (s, 2H, Ar-H). 
13C NMR (THF-d8, 300 K, 125 MHz): δ = 19.0 (s, ortho-CH3), 
21.0 (s, para-CH3), 26.7 (s, THF-CI), 68.5 (s, THF-CII), 110.9 (s, 
Cp-C), 124.1 (para-CAr-CH3), 125.2 (ortho-CAr-CH3), 129.5 (s, 
CArH), 162.5 (s, CAr-O). IR (cm-1): 3089, 2957, 2915, 2857, 
1647, 1607, 1479, 1427, 1313, 1267, 1227, 1198, 1160, 1012, 
856, 831, 778, 741. EA: calculated: C 53.91, H 5.70; found: C 
53.29, H 5.55. 

[[[[CpCpCpCp2222Y(SY(SY(SY(SttttBu)Bu)Bu)Bu)]]]]2222: : : : Yield: 2.92 g white powder (9.45 mmol). 1H 
NMR (THF-d8, 300 K, 500 MHz): δ = 1.41 (s, 9H, CH3), 6.11 
(s, 10H, Cp-H). 13C NMR (THF-d8, 300 K, 125 MHz): δ = 38.8 
(s, CH3), 43.3 (s, S-C(CH3)3), 111.4 (s, Cp-C). IR (cm-1): 3088, 
2960, 2925, 2853, 1654, 1568, 1452, 1437, 1416, 1360, 1261, 
1146, 1093, 1014, 793, 765. EA: calculated: C 54.55, H 6.21, S 
10.40; found: C 54.89, H 6.38, S 9.84. 

[[[[CpCpCpCp2222Lu(SLu(SLu(SLu(SttttBu)Bu)Bu)Bu)]]]]2222: : : : Yield: 1.25 g white powder (3.22 mmol). 1H 
NMR (THF-d8, 300 K, 500 MHz): δ = 1.42 (s, 9H, CH3), 6.06 
(s, 10H, Cp-H). 13C NMR (THF-d8, 300 K, 125 MHz): δ = 38.7 
(s, CH3), 43.5 (s, S-C(CH3)3), 110.5 (s, Cp-C). IR (cm-1): 3084, 
2955, 2924, 2854, 1655, 1577, 1458, 1376, 1360, 1261, 1096, 
1013, 795, 768. EA: calculated: C 42.64, H 4.86, S 8.13; found: C 
42.79, H 4.93, S 7.75. 

[Cp[Cp[Cp[Cp2222Tb(STb(STb(STb(SttttBu)]Bu)]Bu)]Bu)]2222: : : : Yield: 0.45 g bright yellow powder (1.20 
mmol). IR (cm-1): 3088, 2952, 2924, 2852, 1650, 1579, 1453, 
1437, 1416, 1375, 1360, 1256, 1146, 1060, 1010, 806, 765. EA: 
calculated: C 44.45, H 5.06, S 8.48; found: C 44.21, H 4.94, S 
7.95. 

 

Single crystal XSingle crystal XSingle crystal XSingle crystal X----ray structure determinray structure determinray structure determinray structure determinationsationsationsations 

CpCpCpCp3333Y(DEEP)Y(DEEP)Y(DEEP)Y(DEEP): Crystal data: formula: C21H30O3PY; 
Mr=450.33; crystal color and shape: colorless fragment, crystal 

dimensions: 0.18×0.41×0.51 mm; crystal system: monoclinic; 
space group: P21/n (no. 14); a = 11.5091(4), b = 8.2872(3), c = 
22.6167(8) Å, β = 101.516(2)°; V = 2113.72(13) Å3 ; Z = 4; 

μ(MoKα) = 2.851 mm-1; ρcalcd = 1.415 g cm-3; θ-range = 1.84–
25.36°; data collected: 75310; independent data [Io>2σ(Io)/all 
data/Rint]: 3531/3849/0.041; data/restraints/parameter: 
3849/0/238; R1 [Io>2σ(Io)/all data]: 0.0446/0.0485; wR2 

[Io>2σ(Io)/all data]: 0.1182/0.1211; GOF = 1.074; Δρmax/min: 
2.98/-0.86 eÅ-3.  
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CpCpCpCp2222HoCl(DEVP)HoCl(DEVP)HoCl(DEVP)HoCl(DEVP): Crystal data: formula: C16H23ClHoO3P; 
Mr=494.69; crystal color and shape: colorless fragment, crystal 

dimensions: 0.18×0.51×0.64 mm; crystal system: orthorhombic; 
space group: Pna21 (no. 33); a = 20.7465(6), b = 11.7265(4), c = 
7.8125(3) Å; V = 1900.66(11) Å3 ; Z = 4; μ(MoKα) = 4.395 mm-1; 

ρcalcd = 1.729 g cm-3; θ-range = 1.96–25.42°; data collected: 51428; 
independent data [Io>2σ(Io)/all data/Rint]: 3484/3487/0.044; 
data/restraints/parameter: 3487/1/202; R1 [Io>2σ(Io)/all data]: 
0.0144/0.0145; wR2 [Io>2σ(Io)/all data]: 0.0369/0.0369; 

GOF=1.197; Δρmax/min: 0.91/-0.73 eÅ-3.  

CpCpCpCp2222YbCl(DEVP)YbCl(DEVP)YbCl(DEVP)YbCl(DEVP): Crystal data: formula: C16H23ClO3PYb; 
Mr=502.80; crystal color and shape: colorless fragment, crystal 

dimensions: 0.18×0.51×0.53 mm; crystal system: orthorhombic; 
space group: Pna21 (no. 33); a = 20.7504(7), b = 11.7361(4), c = 
7.8075(3) Å; V = 1901.35(12) Å3 ; Z = 4; μ(MoKα) = 5.151 mm-1; 

ρcalcd = 1.757 g cm-3; θ-range = 1.96–25.36°; data collected: 46215; 
independent data [Io>2σ(Io)/all data/Rint]: 3449/3461/0.053; 
data/restraints/parameter: 3461/1/201; R1 [Io>2σ(Io)/all data]: 
0.0142/0.0143; wR2 [Io>2σ(Io)/all data]: 0.0373/0.0374; 

GOF=1.088; Δρmax/min: 0.70/-0.55 eÅ-3. 

For detailed information, see Supporting Information. CCDC 
930675 (CpCpCpCp3333Y(DEEP)Y(DEEP)Y(DEEP)Y(DEEP)), 930674 (CpCpCpCp2222HoCl(DEVP)HoCl(DEVP)HoCl(DEVP)HoCl(DEVP)) and 
930673 (CpCpCpCp2222YbCl(DEVP)YbCl(DEVP)YbCl(DEVP)YbCl(DEVP)) contains the supplementary 
crystallographic data for this compound. This data can be 
obtained free of charge from The Cambridge Crystallographic 
Data Centre via www.ccdc.cam.ac.uk/data_request/cif or via 
https://www.ccdc. cam.ac.uk/services/structure_deposit/. 

 

OligomerizationOligomerizationOligomerizationOligomerization    

5 eq of DEVP are added to 1 eq of catalyst in toluene. The 
resulting mixture is stirred for 2 hours at room temperature and 
quenched by addition of MeOH or acidified (37w% HClaq) 
MeOH. Volatiles were removed under reduced pressure and the 
residue was extracted with MeOH. For end group analysis, ESI-
MS measurements of the methanolic extract were performed. 

 

Coordination of Coordination of Coordination of Coordination of DEEPDEEPDEEPDEEP    

To a solution/suspension of 1 eq of Cp2LnX or Cp3Ln in C6D6 
0.5, 1, 2 or 5 eq of a stem solution of DEEP in C6D6 are added, 
respectively. The resulting mixture is transferred into an NMR 
tube. 1H NMR spectroscopic shifts of the formed adducts (signals 
of Cp and X) are determined for addition of 5 eq of DEEP. 1H and 
31P NMR spectroscopic shifts of coordinated DEEP for addition 
of 0.5 eq of DEEP, respectively. The extent of disproportionation 
(Table 2) is determined from the integral ratio of the 1H NMR 
spectroscopic signals of the cyclopentadienyl protons of formed 
Cp3Ln(DEEP) and Cp2LnX(DEEP) for addition of 5 eq of 
DEEP.  

CpCpCpCp3333Y(DEEPY(DEEPY(DEEPY(DEEP): ): ): ): 1H NMR (C6D6, 298 K, 300 MHz): δ = 0.78 
(dt, 3H, 3J(P-H) = 20.8 Hz, 3J(H-H) = 7.7 Hz, P-CH2-CH3), 0.92 
(t, 6H, 3J(H-H) = 7.1 Hz, P-O-CH2-CH3), 1.22 (dq, 2H, 2J(P-H) 
= 17.6 Hz, 3J(H-H) = 7.7 Hz, P-CH2-CH3), 3.68 (m, 4H, P-O-
CH2-CH3), 6.07 (s, 15H, Cp-H). 31P NMR (C6D6, 298 K, 121 
MHz): δ = 35.3 (d, 2J(Y-P) = 10.4 Hz).    

CpCpCpCp3333Lu(DEEPLu(DEEPLu(DEEPLu(DEEP): ): ): ): 1H NMR (C6D6, 298 K, 300 MHz): δ = 0.77 
(dt, 3H, 3J(P-H) = 20.8 Hz, 3J(H-H) = 7.5 Hz, P-CH2-CH3), 0.91 
(t, 6H, 3J(H-H) = 7.0 Hz, P-O-CH2-CH3), 1.23 (dq, 2H, 2J(P-H) 
= 17.9 Hz, 3J(H-H) = 7.7 Hz, P-CH2-CH3), 3.69 (m, 4H, P-O-
CH2-CH3), 6.05 (s, 15H, Cp-H). 31P NMR (C6D6, 298 K, 121 
MHz): δ = 35.8 (s). 

CpCpCpCp2222YCl(DEEP): YCl(DEEP): YCl(DEEP): YCl(DEEP): 1H NMR (C6D6, 298 K, 300 MHz): δ = 0.72 
(dt, 3H, 3J(P-H) = 21.1 Hz, 3J(H-H) = 7.6 Hz, P-CH2-CH3), 0.90 
(t, 6H, 3J(H-H) = 7.1 Hz, P-O-CH2-CH3), 1.27 (dq, 2H, 2J(P-H) 
= 18.3 Hz, 3J(H-H) = 7.6 Hz, P-CH2-CH3), 3.74 (m, 4H, P-O-
CH2-CH3), 6.33 (s, 10H, Cp-H). 31P NMR (C6D6, 298 K, 121 
MHz): δ = 36.0 (s). 

CpCpCpCp2222LuCl(DEEPLuCl(DEEPLuCl(DEEPLuCl(DEEP): ): ): ): 1H NMR (C6D6, 298 K, 300 MHz): δ = 
0.70 (dt, 3H, 3J(P-H) = 21.2 Hz, 3J(H-H) = 7.7 Hz, P-CH2-CH3), 
0.89 (t, 6H, 3J(H-H) = 7.1 Hz, P-O-CH2-CH3), 1.27 (dq, 2H, 
2J(P-H) = 18.3 Hz, 3J(H-H) = 7.7 Hz, P-CH2-CH3), 3.75 (m, 4H, 
P-O-CH2-CH3), 6.28 (s, 10H, Cp-H). 31P NMR (C6D6, 298 K, 
121 MHz): δ = 36.7 (s). 

CpCpCpCp2222Y(bdsa)(DEEP): Y(bdsa)(DEEP): Y(bdsa)(DEEP): Y(bdsa)(DEEP): 1H NMR (C6D6, 298 K, 300 MHz): δ = 
0.42 (d, 12H, 3J(H-H) = 3.0 Hz, Si-CH3), 0.76 (dt, 3H, 3J(P-H) = 
20.9 Hz, 3J(H-H) = 7.6 Hz, P-CH2-CH3), 0.89 (t, 6H, 3J(H-H) = 
7.1 Hz, P-O-CH2-CH3), 1.34 (dq, 2H, 2J(P-H) = 18.1 Hz, 3J(H-
H) = 7.7 Hz, P-CH2-CH3), 3.72 (m, 4H, P-O-CH2-CH3), 4.60 
(m, 2H, Si-H), 6.28 (s, 10H, Cp-H). 31P NMR (C6D6, 298 K, 121 
MHz): δ = 33.8 (d, 2J(Y-P) = 11.2 Hz). 

CpCpCpCp2222Lu(bdsa)(DEEP): Lu(bdsa)(DEEP): Lu(bdsa)(DEEP): Lu(bdsa)(DEEP): 1H NMR (C6D6, 298 K, 300 MHz): δ 
= 0.45 (d, 12H, 3J(H-H) = 2.9 Hz, Si-CH3), 0.74 (dt, 3H, 3J(P-H) 
= 21.0 Hz, 3J(H-H) = 7.6 Hz, P-CH2-CH3), 0.88 (t, 6H, 3J(H-H) 
= 7.1 Hz, P-O-CH2-CH3), 1.33 (dq, 2H, 2J(P-H) = 18.1 Hz, 3J(H-
H) = 7.6 Hz, P-CH2-CH3), 3.71 (m, 4H, P-O-CH2-CH3), 4.66 
(m, 2H, Si-H), 6.26 (s, 10H, Cp-H). 31P NMR (C6D6, 298 K, 121 
MHz): δ = 34.8 (s). 

CpCpCpCp2222Y(CHY(CHY(CHY(CH2222TMS)(DEEP): TMS)(DEEP): TMS)(DEEP): TMS)(DEEP): 1H NMR (C6D6, 300 K, 500 
MHz): δ = -0.62 (d, 2H, 2J(Y-H) = 3.4 Hz, Si-CH2), 0.48 (s, 9H, 
Si-CH3), 0.63 (dt, 3H, 3J(P-H) = 21.0 Hz, 3J(H-H) = 7.7 Hz, P-
CH2-CH3), 0.81 (t, 6H, 3J(H-H) = 7.1 Hz, P-O-CH2-CH3), 1.07 
(dq, 2H, 2J(P-H) = 18.1 Hz, 3J(H-H) = 7.7 Hz, P-CH2-CH3), 
3.51 (m, 4H, P-O-CH2-CH3), 6.28 (s, 10H, Cp-H). 31P NMR 
(C6D6, 300 K, 202 MHz): δ = 34.7 (d, 2J(Y-P) = 11.0 Hz). 

CpCpCpCp2222Lu(CHLu(CHLu(CHLu(CH2222TMS)(DEEP): TMS)(DEEP): TMS)(DEEP): TMS)(DEEP): 1H NMR (C6D6, 300 K, 500 
MHz): δ = -0.72 (s, 2H, Si-CH2), 0.50 (s, 9H, Si-CH3), 0.63 (dt, 
3H, 3J(P-H) = 21.1 Hz, 3J(H-H) = 7.6 Hz, P-CH2-CH3), 0.80 (t, 
6H, 3J(H-H) = 7.1 Hz, P-O-CH2-CH3), 1.07 (dq, 2H, 2J(P-H) = 
18.1 Hz, 3J(H-H) = 7.6 Hz, P-CH2-CH3), 3.51 (m, 4H, P-O-CH2-
CH3), 6.23 (s, 10H, Cp-H). 31P NMR (C6D6, 300 K, 202 MHz): δ 
= 35.5 (s). 

CpCpCpCp2222Y(OY(OY(OY(OiiiiPr)(DEEP): Pr)(DEEP): Pr)(DEEP): Pr)(DEEP): 1H NMR (C6D6, 300 K, 500 MHz): δ =  
1.28 (d, 6H, 3J(H-H) = 5.9 Hz, CH3), 4.28 (m, 1H, O-
CH(CH3)2), 6.32 (s, 10H, Cp-H). Due to incomplete reaction of 
DEEP with [Cp2Y(OiPr)]2 and exchange of free and coordinated 
DEEP, 1H and 31P NMR spectroscopic signals of coordinated 
DEEP could not be determined. 

For addition of DEEP to    [[[[CpCpCpCp2222Lu(OLu(OLu(OLu(OiiiiPr)Pr)Pr)Pr)]]]]2222, no reaction was 
observed.     

CpCpCpCp2222Y(O(CY(O(CY(O(CY(O(C6666HHHH2222(CH(CH(CH(CH3333))))3333)(DEEP): )(DEEP): )(DEEP): )(DEEP): 1H NMR (C6D6, 300 K, 500 
MHz): δ = 0.71 (dt, 3H, 3J(P-H) = 21.0 Hz, 3J(H-H) = 7.6 Hz, P-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 9   

173 

 

CH2-CH3), 0.82 (t, 6H, 3J(H-H) = 7.1 Hz, P-O-CH2-CH3), 1.18 
(dq, 2H, 2J(P-H) = 17.9 Hz, 3J(H-H) = 7.6 Hz, P-CH2-CH3), 
2.39 (s, 6H, ortho-CH3), 2.41 (s, 3H, para-CH3), 3.61 (m, 4H, P-
O-CH2-CH3), 6.28 (s, 10H, Cp-H), 7.07 (s, 2H, Ar-H). 31P NMR 
(C6D6, 300 K, 202 MHz): δ = 35.2 (d, 2J(Y-P) = 8.1 Hz). 

CpCpCpCp2222Lu(O(CLu(O(CLu(O(CLu(O(C6666HHHH2222(CH(CH(CH(CH3333))))3333)(DEEP): )(DEEP): )(DEEP): )(DEEP): 1H NMR (C6D6, 300 K, 
500 MHz): δ = 0.73 (dt, 3H, 3J(P-H) = 20.9 Hz, 3J(H-H) = 7.6 
Hz, P-CH2-CH3), 0.84 (t, 6H, 3J(H-H) = 7.1 Hz, P-O-CH2-CH3), 
1.22 (dq, 2H, 2J(P-H) = 17.9 Hz, 3J(H-H) = 7.6 Hz, P-CH2-
CH3), 2.39 (s, 6H, ortho-CH3), 2.43 (s, 3H, para-CH3), 3.65 (m, 
4H, P-O-CH2-CH3), 6.23 (s, 10H, Cp-H), 7.09 (s, 2H, Ar-H). 31P 
NMR (C6D6, 300 K, 202 MHz): δ = 35.9 (s). 

CpCpCpCp2222Y(SY(SY(SY(SttttBu)(DEEP): Bu)(DEEP): Bu)(DEEP): Bu)(DEEP): 1H NMR (C6D6, 300 K, 500 MHz): δ = 
0.74 (dt, 3H, 3J(P-H) = 20.9 Hz, 3J(H-H) = 7.7 Hz, P-CH2-CH3), 
0.90 (t, 6H, 3J(H-H) = 7.1 Hz, P-O-CH2-CH3), 1.29 (dq, 2H, 
2J(P-H) = 18.1 Hz, 3J(H-H) = 7.7 Hz, P-CH2-CH3), 1.81 (s, 9H, 
CH3), 3.77 (m, 4H, P-O-CH2-CH3), 6.33 (s, 10H, Cp-H). 31P 
NMR (C6D6, 300 K, 202 MHz): δ = 35.1 (s). 

CpCpCpCp2222Lu(SLu(SLu(SLu(SttttBu)(DEEP): Bu)(DEEP): Bu)(DEEP): Bu)(DEEP): 1H NMR (C6D6, 300 K, 500 MHz): δ 
= 0.73 (dt, 3H, 3J(P-H) = 21.1 Hz, 3J(H-H) = 7.6 Hz, P-CH2-
CH3), 0.89 (t, 6H, 3J(H-H) = 7.1 Hz, P-O-CH2-CH3), 1.28 (dq, 
2H, 2J(P-H) = 18.1 Hz, 3J(H-H) = 7.7 Hz, P-CH2-CH3), 1.79 (s, 
9H, CH3), 3.77 (m, 4H, P-O-CH2-CH3), 6.28 (s, 10H, Cp-H). 
31P NMR (C6D6, 300 K, 202 MHz): δ = 36.0 (s). 

 

Activity measurementsActivity measurementsActivity measurementsActivity measurements and kinetic analysis and kinetic analysis and kinetic analysis and kinetic analysis    

For activity measurements, the stated amount of catalyst (15-
50 µmol) is dissolved/suspended in 20mL of toluene, and the 
reaction mixture is thermostated to the desired temperature. 
Then, the stated amount of monomer (3.5-13 mmol) is added. 
During the course of the measurement, the temperature is 
monitored with a digital thermometer and aliquots (0.5 mL) are 
taken and quenched by addition to deuterated methanol (0.2 
mL). After the stated reaction time, the reaction was quenched by 
addition of MeOD (0.5 mL). The reaction is carried out in an 
MBraun Glovebox under argon atmosphere to take aliquots every 
6-10 seconds at the beginning of the measurement. For each 
aliquot, the conversion is determined by 31P NMR spectroscopy, 
the molecular weight of the formed polymer by GPC-MALS 
analysis. 

For kinetic analysis, the maximum rate is determined from the 
maximum slope of the conversion-reaction time plot. I*t is defined 
as the given initiator efficiency at the inflection point of the 
conversion-reaction time plot. In case an aliquot was taken at or 
sufficiently close to the inflection point, the initiator efficiency 
determined for this aliquot is used as I*t; if this is not the case, I*t is 
determined as the average of the initiator efficiencies of the 
aliquots taken directly before and after this inflection point. The 
conversion used for calculation of the residual monomer 
concentration is determined accordingly. Error bars are calculated 
from the following uncertainties: Δ[Cat]0 = 0.1 mg, Δ[Mon]0 = 
0.05 mL (in case of DEVP) or 0.05 g (in case of DIVP), ΔC = 3%, 
ΔT = 2 K, and a 5% relative uncertainty for the determination of 
the maximum slope and I*t. 

 

 

Molecular weight determinationMolecular weight determinationMolecular weight determinationMolecular weight determination    

GPC was carried out on a Varian LC-920 equipped with two 
analytical PL Polargel M columns. As eluent, a mixture of 50% 
THF, 50% water, and 9 g L-1 tetrabutylammonium bromide 
(TBAB) was used in the case of PDEVP; for PDIVP analysis, the 
eluent was THF with 6 g L-1 TBAB. Absolute molecular weights 
have been determined online by multiangle light scattering 
(MALS) analysis using a Wyatt Dawn Heleos II in combination 
with a Wyatt Optilab rEX as concentration source. 

ASSOCIATED CONTENT  

ESI MS analysis of DAVP oligomers, detailed information for single 
crystal X-ray structure determination, obtained data from activity 
measurements and kinetic analysis. This material is available free of 
charge via the Internet at http://pubs.acs.org.  
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Supporting Information: 

 

Mechanistic Studies on Initiation and Propagation of Rare 

Earth Metal-Mediated Group Transfer Polymerization of 

Vinylphosphonates 

 

Stephan Salzinger, Benedikt S. Soller, Andriy Plikhta, Uwe B. Seemann, Eberhardt 

Herdtweck, Bernhard Rieger* 

 

WACKER-Lehrstuhl für Makromolekulare Chemie, Technische Universität München, 

Lichtenbergstraße 4, 85748 Garching 

 

Oligomerization Experiments 

 

 

Figure S1. ESI MS spectrum of DEVP oligomers produced with [Cp2YbMe]2. One major 

series of peaks is evident: m/z = n × MMon + MNa (red); MMon = 164, no apparent end group. 
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Figure S2. ESI MS spectrum of DEVP oligomers produced with [Cp2YCl]2. One major series 

of peaks is evident: m/z = n × MMon + 66 + MNa (red); MMon = 164, end groups: MCp + MH = 

66. Peaks at m/z = 351 and 515 are attributed to fragmentation (black). 

 

 

Figure S3. ESI MS spectrum of DEVP oligomers produced with [Cp2LuCl]2. One major 

series of peaks is evident: m/z = n × MMon + 66 + MNa (red); MMon = 164, end groups: MCp + 

MH = 66. Peaks at m/z = 351, 515, 679, 843 and 1007 are attributed to fragmentation (black). 
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Figure S4. ESI MS spectrum of DEVP oligomers produced with Cp2Lu(bdsa)(thf). One 

major series of peaks is evident: m/z = n × MMon + 66 + MNa (red); MMon = 164, end groups: 

MCp + MH = 66. Peaks at m/z = 351, 515, 679 and 843 are attributed to fragmentation (black). 

 

 

Figure S5. ESI MS spectrum of DEVP oligomers produced with Cp2Lu(bdsa)(thf). One 

major series of peaks is evident: m/z = n × MMon + MNa (red); MMon = 164, no apparent end 

groups. 
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Figure S6. ESI MS spectrum of DEVP oligomers produced with [Cp2Y(OiPr)]2. Two major 

series of peaks are evident: m/z = n × MMon + 66 + MH (red), m/z = n × MMon + 66 + MNa 

(blue); MMon = 164, end groups: MCp + MH = 66. Peaks at m/z = 351 and 515 are attributed to 

fragmentation. 

 

Figure S7. ESI MS spectrum of DEVP oligomers produced with [Cp2Lu(OiPr)]2. Two major 

series of peaks are evident: m/z = n × MMon + 66 + MH (red), m/z = n × MMon + 66 + MNa 

(blue); MMon = 164, end groups: MCp + MH = 66. 
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Figure S8. ESI MS spectrum of DEVP oligomers produced with [Cp2YStBu]2. Two major 

series of peaks are evident: m/z = n × MMon + MNa (red), m/z = n × MMon + 90 + MNa (blue); 

MMon = 164, end groups: MStBu + MH = 90. 

 

 

Figure S9. ESI MS spectrum of DEVP oligomers produced with [Cp2LuStBu]2. Two major 

series of peaks are evident: m/z = n × MMon + MNa (red), m/z = n × MMon + 90 + MNa (blue); 

MMon = 164, end groups: MStBu + MH = 90. 
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Figure S10. ESI MS spectrum of DEVP oligomers produced with Cp2Y(CH2TMS)(thf). Two 

major series of peaks are evident: m/z = n × MMon + MNa (red), m/z = n × MMon + 66 + MNa 

(blue); MMon = 164, end groups: MCp + MH = 66. 

 

 

Figure S11. ESI MS spectrum of DEVP oligomers produced with Cp2Lu(CH2TMS)(thf). One 

major series of peaks is evident: m/z = n × MMon + MNa (red); MMon = 164, no apparent end 

group. 
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Figure S12. ESI MS spectrum of DIVP oligomers produced with [Cp2YStBu]2. Two major 

series of peaks are evident: m/z = n × MMon + MH (red), m/z = n × MMon + MNa (red); MMon = 

192, no apparent end group. 
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Single Crystal X-Ray Structure Determination of Compounds 

Cp3Y(DEEP), Cp2HoCl(DEVP), and Cp2YbCl(DEVP) 
 

General: 

Data were collected on an X-ray single crystal diffractometer equipped with a CCD detector 

(Bruker APEX II, κ−CCD), a rotating anode (Bruker AXS, FR591) with MoKα radiation (λ = 

0.71073 Å), and a graphite monochromator by using the SMART software package.1 The 

measurements were performed on a single crystal coated with perfluorinated ether. The 

crystal was fixed on the top of a glass fiber and transferred to the diffractometer. The crystal 

was frozen under a stream of cold nitrogen. A matrix scan was used to determine the initial 

lattice parameters. Reflections were merged and corrected for Lorenz and polarization effects, 

scan speed, and background using SAINT.2 Absorption corrections, including odd and even 

ordered spherical harmonics were performed using SADABS.2 Space group assignments were 

based upon systematic absences, E statistics, and successful refinement of the structures. 

Structures were solved by direct methods with the aid of successive difference Fourier maps, 

and were refined against all data using WinGX7 based on SIR-92.3 If not mentioned 

otherwise, non-hydrogen atoms were refined with anisotropic displacement parameters. 

Methyl hydrogen atoms were refined as part of rigid rotating groups, with C–H = 0.98 Å and 

Uiso(H) = 1.5Ueq(C). Other H atoms were placed in calculated positions and refined using a 

riding model, with methylene and aromatic C–H distances of 0.99 and 0.95 Å, respectively, 

and Uiso(H) = 1.2·Ueq(C).  Full-matrix least-squares refinements were carried out by minimizing 

Σw(Fo
2-Fc

2)2 with SHELXL-975 weighting scheme. Neutral atom scattering factors for all 

atoms and anomalous dispersion corrections for the non-hydrogen atoms were taken from 

International Tables for Crystallography.4 Images of the crystal structures were generated by 

PLATON.6 

 

Special: 

Cp2HoCl(DEVP): Extinction Correction. The correct enantiomere is proved by Flack's 

 Parameter. 

Cp2YbCl(DEVP):  The correct enantiomere is proved by Flack's Parameter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 9   

183 

Cp3Y(DEEP) 

 
 

Figure S13. Ortep drawing drawing of compound Cp3Y(DEEP) with 50% ellipsoids.
6
 

 

 

Operator: *** Herdtweck *** 

Molecular Formula: C21 H30 O3 P Y 

Crystal Color / Shape Colorless fragment 

Crystal Size Approximate size of crystal fragment used for data collection: 

 0.18 × 0.41 × 0.51  mm 

Molecular Weight: 450.33 a.m.u. 

F000:  936 

Systematic Absences: h0l: h+l≠2n;  0k0: k≠2n 

Space Group: Monoclinic P 21/n (I.T.-No.: 14) 

Cell Constants: Least-squares refinement of 9637 reflections with the programs 

"APEX suite" and "SAINT" [1,2]; theta range 1.84° < θ < 25.36°; 

Mo(Kα ); λ = 71.073 pm 

 a = 1150.91(4) pm 

 b = 828.72(3) pm β = 101.516(2)° 

 c = 2261.67(8) pm 

 V = 2113.72(13)· 10
6
 pm

3
; Z = 4; Dcalc = 1.415 g cm

-3
; Mos. = 0.72 

Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating 

anode; graphite monochromator; 50 kV; 40 mA; λ = 71.073 pm; 

Mo(Kα ) 
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Temperature: (-150±1) °C; (123±1) K 
Measurement Range: 1.84° < θ < 25.36°;  h: -13/13,  k: -9/9,  l:  -27/27 
Measurement Time: 2 × 5 s per film 
Measurement Mode: measured: 13 runs; 8565 films / scaled: 13 runs; 8565 films 
 ϕ− and ω−movement; Increment: Δϕ/Δω = 0.50°; dx = 55.0 mm 
LP - Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi-scan; during scaling; µ = 2.851 mm-1 [2] 
 Correction Factors: Tmin = 0.3668 Tmax = 0.7452 
Reflection Data: 79021 reflections were integrated and scaled 
 3711 reflections systematic absent and rejected  
 75310 reflections to be merged 
 3849 independent reflections 
 0.041 Rint: (basis Fo

2) 
 3849 independent reflections (all) were used in 

refinements 
 3531 independent reflections with Io > 2σ(Io) 
 99.7 % completeness of the data set 
 238 parameter full-matrix refinement 
 16.2 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 26 Non-hydrogen atoms with anisotropic displacement 
  parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all 

non-hydrogen atoms, not all of the hydrogen positions could be 
determined from the highest peaks. For this reason, the hydrogen 
atoms were placed in calculated positions (dC-H = 95, 98, 99 pm). 
Isotropic displacement parameters were calculated from the parent 
carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were included 
in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: w

-1 = σ2(Fo
2)+(a*P)2+b*P 

 with a: 0.0637; b: 5.8032; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 
Shift/Err: Less than 0.001 in the last cycle of refinement: 

Resid. Electron Density: +2.98 e0
-
 /Å

3; -0.86 e0
-
 /Å

3 
R1: Σ(||Fo|-|Fc||)/Σ|Fo| 
[Fo > 4σ(Fo); N=3531]:  = 0.0446 
[all reflctns; N=3849]:  = 0.0485 
wR2: [Σw(Fo

2-Fc
2)2/Σw(Fo

2)2]1/2 
[Fo > 4σ(Fo); N=3531]:  = 0.1182 
[all reflctns; N=3849]:  = 0.1211 
Goodness of fit: [Σw(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.074 

Remarks: Refinement expression   Σw(Fo
2-Fc

2)2 
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Cp2HoCl(DEVP) 

 
 

Figure S14. Ortep drawing drawing of compound Cp2HoCl(DEVP) with 50% ellipsoids.
6
 

 

 

Operator: *** Herdtweck *** 

Molecular Formula: C16 H23 Cl Ho O3 P 

Crystal Color / Shape Colorless fragment 

Crystal Size Approximate size of crystal fragment used for data collection: 

 0.18 × 0.51 × 0.64  mm 

Molecular Weight: 494.69 a.m.u. 

F000:  968 

Systematic Absences: 0kl: k+l≠2n;  h0l: h≠2n;  00l: l≠2n 

Space Group: Orthorhombic P na21 (I.T.-No.: 33) 

Cell Constants: Least-squares refinement of 9797 reflections with the programs 

"APEX suite" and "SAINT" [1,2]; theta range 1.96° < θ < 25.42°; 

Mo(Kα ); λ = 71.073 pm 

 a = 2074.65(6) pm 

 b = 1172.65(4) pm 

 c = 781.25(3) pm 

 V = 1900.66(11)· 10
6
 pm

3
; Z = 4; Dcalc = 1.729 g cm

-3
; Mos. = 0.70 

Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating 

anode; graphite monochromator; 50 kV; 40 mA; λ = 71.073 pm; 

Mo(Kα ) 

Temperature: (-150±1) °C; (123±1) K 

Measurement Range: 1.96° < θ < 25.42°;  h: -24/25,  k: -14/14,  l:  -9/9 

Measurement Time: 2 × 5 s per film 
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Measurement Mode: measured: 11 runs; 4738 films / scaled: 11 runs; 4738 films 
 ϕ− and ω−movement; Increment: Δϕ/Δω = 0.50°; dx = 45.0 mm 
LP - Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi-scan; during scaling; µ = 4.395 mm-1 [2] 
 Correction Factors: Tmin = 0.2508 Tmax = 0.7452 
Reflection Data: 53506 reflections were integrated and scaled 
 2077 reflections systematic absent and rejected  
 1 obvious wrong intensity and rejected  
 51428 reflections to be merged 
 3487 independent reflections 
 0.044 Rint: (basis Fo

2) 
 3487 independent reflections (all) were used in 

refinements 
 3484 independent reflections with Io > 2σ(Io) 
 99.4 % completeness of the data set 
 202 parameter full-matrix refinement 
 17.3 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 22 Non-hydrogen atoms with anisotropic displacement 
  parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all 

non-hydrogen atoms, not all of the hydrogen positions could be 
determined from the highest peaks. For this reason, the hydrogen 
atoms were placed in calculated positions (dC-H = 95, 98, 99 pm). 
Isotropic displacement parameters were calculated from the parent 
carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were included 
in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  Fc (korr) = kFc[1+ 0.001 · ε · Fc

2
· λ3/sin(2Θ)]-1/4  SHELXL-97 [5] 

 ε refined to ε = 0.0024(2) 
 
Weighting Scheme: w

-1 = σ2(Fo
2)+(a*P)2+b*P 

 with a: 0.0091; b: 1.7395; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 
 
Shift/Err: Less than 0.001 in the last cycle of refinement: 
 

Resid. Electron Density: +0.91 e0
-
 /Å

3; -0.73 e0
-
 /Å

3 
 
R1: Σ(||Fo|-|Fc||)/Σ|Fo| 
[Fo > 4σ(Fo); N=3484]:  = 0.0144 
[all reflctns; N=3487]:  = 0.0145 
 
wR2: [Σw(Fo

2-Fc
2)2/Σw(Fo

2)2]1/2 
[Fo > 4σ(Fo); N=3484]:  = 0.0369 
[all reflctns; N=3487]:  = 0.0369 
Goodness of fit: [Σw(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.197 

Flack's Parameter : x = 0.07(1) 
Remarks: Refinement expression   Σw(Fo

2-Fc
2)2 
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Compound Cp2YbCl(DEVP) 

 
 

Figure S15. Ortep drawing drawing of compound Cp2YbCl(DEVP) with 50% ellipsoids.
6
 

 

 

Operator: *** Herdtweck *** 

Molecular Formula: C16 H23 Cl O3 P Yb 

Crystal Color / Shape Colorless fragment 

Crystal Size Approximate size of crystal fragment used for data collection: 

 0.18 × 0.51 × 0.53  mm 

Molecular Weight: 502.80 a.m.u. 

F000:  980 

Systematic Absences: 0kl: k+l≠2n;  h0l: h≠2n;  00l: l≠2n 

Space Group: Orthorhombic P na21 (I.T.-No.: 33) 

Cell Constants: Least-squares refinement of 9735 reflections with the programs 

"APEX suite" and "SAINT" [1,2]; theta range 1.96° < θ < 25.36°; 

Mo(Kα ); λ = 71.073 pm 

 a = 2075.04(7) pm 

 b = 1173.61(4) pm 

 c = 780.75(3) pm 

 V = 1901.35(12)· 10
6
 pm

3
; Z = 4; Dcalc = 1.757 g cm

-3
; Mos. = 0.40 

Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating 

anode; graphite monochromator; 50 kV; 40 mA; λ = 71.073 pm; 

Mo(Kα ) 

Temperature: (-120±1) °C; (153±1) K 

Measurement Range: 1.96° < θ < 25.36°;  h: -24/24,  k: -14/14,  l:  -9/9 

Measurement Time: 2 × 5 s per film 

Measurement Mode: measured: 13 runs; 4857 films / scaled: 13 runs; 4857 films 

 ϕ− and ω−movement; Increment: Δϕ/Δω = 0.50°; dx = 45.0 mm 

LP - Correction: Yes [2] 

Intensity Correction No/Yes; during scaling [2] 
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Absorption Correction: Multi-scan; during scaling; µ = 5.151 mm-1 [2] 
 Correction Factors: Tmin = 0.3291 Tmax = 0.7452 
Reflection Data: 48470 reflections were integrated and scaled 
 2255 reflections systematic absent and rejected  
 46215 reflections to be merged 
 3461 independent reflections 
 0.053 Rint: (basis Fo

2) 
 3461 independent reflections (all) were used in 

refinements 
 3449 independent reflections with Io > 2σ(Io) 
 99.3 % completeness of the data set 
 201 parameter full-matrix refinement 
 17.2 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 22 Non-hydrogen atoms with anisotropic displacement 

parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all 

non-hydrogen atoms, not all of the hydrogen positions could be 
determined from the highest peaks. For this reason, the hydrogen 
atoms were placed in calculated positions (dC-H = 95, 98, 99 pm). 
Isotropic displacement parameters were calculated from the parent 
carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were included 
in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: w

-1 = σ2(Fo
2)+(a*P)2+b*P 

 with a: 0.0125; b: 1.2304; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 
Shift/Err: Less than 0.002 in the last cycle of refinement: 

Resid. Electron Density: +0.70 e0
-
 /Å

3; -0.55 e0
-
 /Å

3 
R1: Σ(||Fo|-|Fc||)/Σ|Fo| 
[Fo > 4σ(Fo); N=3449]:  = 0.0142 
[all reflctns; N=3461]:  = 0.0143 
wR2: [Σw(Fo

2-Fc
2)2/Σw(Fo

2)2]1/2 
[Fo > 4σ(Fo); N=3449]:  = 0.0373 
[all reflctns; N=3461]:  = 0.0374 
Goodness of fit: [Σw(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.088 

Flack's Parameter : x = 0.08(1) 
Remarks: Refinement expression   Σw(Fo

2-Fc
2)2 
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Kinetic Studies 

 

Table S1. Determination of catalyst order (Cp3Tm, 5vol% DEVP, toluene, 30 °C) 

[Cat] 

/mmol L
-1 

TOF 

/h
-1 

I*t 

/% 

TOF/I*t 

/h
-1 

ln([Cat*]) rate 

/mol L
-1

 s
-1 

ln(rate) 

0.54 9100 17 54000 -2.39 1.38E-03 -6.59 

0.82 10000 18 56000 -1.91 2.34E-03 -6.06 

1.09 9000 17 53000 -1.69 2.73E-03 -5.90 

1.36 8600 16 54000 -1.53 3.26E-03 -5.73 

1.63 11000 21 52000 -1.07 4.87E-03 -5.32 

2.17 7000 13 54000 -1.27 4.22E-03 -5.47 

2.72 6700 13 52000 -1.04 5.04E-03 -5.29 

 

 

Table S2. Determination of catalyst order ([Cp2Y(StBu)]2, 5vol% DEVP, toluene, 30 °C) 

[Cat] 

/mmol L
-1 

TOF 

/h
-1 

I*t 

/% 

TOF/I*t 

/h
-1 

ln([Cat*]) rate 

/mol L
-1

 s
-1 

ln(rate) 

0.95 19900 44 45000 -0.87 5.29E-03 -5.24 

1.09 20600 43 48000 -0.76 6.18E-03 -5.09 

1.36 19700 41 48000 -0.58 7.43E-03 -4.90 

1.63 19000 39 49000 -0.45 8.58E-03 -4.76 

1.90 18000 39 46000 -0.30 9.55E-03 -4.65 

2.17 16400 35 47000 -0.28 9.84E-03 -4.62 

2.44 15400 35 44000 -0.16 1.07E-02 -4.54 

 

 

 

Figure S16. Determination of catalyst order ([Cp2Y(StBu)]2, 5vol% DEVP, toluene, 30 °C). 
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Table S3. Determination of catalyst order ([Cp2Y(StBu)]2, 12.5vol% DIVP, toluene, 30 °C) 

[Cat] 

/mmol L
-1 

TOF 

/h
-1 

I*t 

/% 

TOF/I*t 

/h
-1 

ln([Cat*]) rate 

/mol L
-1

 s
-1 

ln(rate) 

1.63 1520 70 2170 0.13 6.85E-04 -7.29 

1.90 1380 62 2230 0.16 7.31E-04 -7.22 

2.17 1480 67 2210 0.37 8.93E-04 -7.02 

2.44 1640 74 2220 0.59 1.11E-03 -6.80 

2.72 1710 74 2310 0.70 1.29E-03 -6.65 

2.99 1760 78 2260 0.85 1.45E-03 -6.54 

3.26 1840 78 2360 0.93 1.66E-03 -6.40 

 

 

Table S4. Determination of monomer order ([Cp2Y(StBu)]2, DEVP, toluene, 30 °C) 

[Mon]0 

/mol L
-1 

[Cat] 

/mmol L
-1

 

TOF 

/h
-1

 

I*t 

/% 

TOF/I*t 

/h
-1

 

Conversion at 

max. rate /% 

ln([Mon]) rate 

/mol L
-1

 s
-1

 

ln(rate/[Cat*]) 

0.163 1.09 8300 36 23000 20 0.130 2.50E-03 1.85 

0.223 1.09 12900 45 29000 29 0.158 3.79E-03 2.04 

0.260 1.09 14700 38 39000 23 0.200 4.43E-03 2.37 

0.325 1.09 20600 44 47000 27 0.237 6.18E-03 2.56 

0.390 1.09 32000 54 60000 19 0.316 8.80E-03 2.70 

0.488 1.09 26700 40 67000 19 0.395 8.05E-03 2.92 

0.651 1.09 45000 51 88000 28 0.469 1.36E-02 3.20 

 

 

Table S5. Determination of monomer order ([Cp2Y(StBu)]2, DIVP, toluene, 30 °C) 

[Mon]0 

/mol L
-1 

[Cat] 

/mmol L
-1

 

TOF 

/h
-1

 

I*t 

/% 

TOF/I*t 

/h
-1

 

Conversion at 

max. rate /% 

ln([Mon]) rate 

/mol L
-1

 s
-1

 

ln(rate/[Cat*]) 

0.195 1.09 610 86 710 12.8 0.170 1.82E-04 -1.64 

0.260 1.09 660 76 870 10.2 0.233 1.99E-04 -1.43 

0.325 1.39 950 79 1200 12.3 0.285 3.66E-04 -1.10 

0.390 1.09 760 57 1330 5.5 0.369 2.29E-04 -1.00 

0.480 2.17 1230 68 1810 8.7 0.438 7.47E-04 -0.68 

0.520 2.17 1230 69 1780 7.9 0.479 7.39E-04 -0.71 

0.650 2.72 1710 74 2310 12.0 0.572 1.29E-03 -0.44 
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Figure S17. Determination of monomer order ([Cp2Y(StBu)]2, 3-12.5vol% DIVP, toluene, 

30 °C). 

 

 

Table S6. Temperature-dependent kinetics for Cp2Y-catalyzed DEVP polymerization (1.09 

mmol L
-1

 [Cp2Y(StBu)]2, 0.651 mol L
-1

 DEVP, toluene) 

T 

/°C
 

TOF 

/h
-1 

I*t 

/% 

TOF/I*t 

/h
-1 

Conversion at 

max. rate /% 

rate 

/mol L
-1

 s
-1 

1/T 

/K
-1 

ln(k/T) 

-7 3400 64 5300 34 1.02E-03 3.76E-03 -4.36 

3 8950 67 13400 32 2.67E-03 3.62E-03 -3.51 

13 14500 58 25000 24 4.37E-03 3.49E-03 -3.02 

23 25900 54 48000 26 7.80E-03 3.38E-03 -2.38 

33 44000 54 81000 28 1.33E-02 3.27E-03 -1.85 

42 53000 47 110000 21 1.59E-02 3.17E-03 -1.65 

52 90000 49 180000 25 2.72E-02 3.08E-03 -1.14 
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Table S7. Temperature-dependent kinetics for Cp2Tb-catalyzed DEVP polymerization (1.09 

mmol L
-1

 [Cp2Y(StBu)]2, 0.325 mol L
-1

 DEVP, toluene) 

T 

/°C
 

TOF 

/h
-1 

I*t 

/% 

TOF/I*t 

/h
-1 

Conversion at 

max. rate /% 

rate 

/mol L
-1

 s
-1 

1/T 

/K
-1 

ln(k/T) 

21 1640 40 4100 10 5.00E-04 3.40E-03 -4.32 

33 6000 70 8570 18 1.81E-03 3.27E-03 -3.54 

40 7920 61 13000 13 2.38E-03 3.19E-03 -3.21 

51 12600 61 20700 12 3.78E-03 3.08E-03 -2.79 

62 19600 69 28000 22 5.89E-03 2.98E-03 -2.38 

71 26000 69 37700 36 7.83E-03 2.91E-03 -1.93 

 

 

 

Figure S18. Eyring-plot for [Cp2Tb(StBu)]2-initiated DEVP (5vol%) polymerization in 

toluene (21 – 70 °C, ∆H
‡
 = 38.0 kJ mol

-1
, ∆S

‡
 = -104 J (mol K)

-1
). 
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Table S8. Temperature-dependent kinetics for Cp2Tm-catalyzed DEVP polymerization (1.09 

mmol L
-1

 Cp3Tm, 0.325 mol L
-1

 DEVP, toluene) 

T 

/°C
 

TOF 

/h
-1 

I*t 

/% 

TOF/I*t 

/h
-1 

Conversion at 

max. rate /% 

rate 

/mol L
-1

 s
-1 

1/T 

/K
-1 

ln(k/T) 

-1 730 13 5600 41 2.21E-04 3.67E-03 -3.51 

10 1900 15 13600 37 5.65E-04 3.53E-03 -2.82 

21 4500 18 25000 34 1.34E-03 3.40E-03 -2.22 

32 9000 19 47000 38 2.72E-03 3.28E-03 -1.54 

42 15800 20 79000 40 4.75E-03 3.17E-03 -1.04 

55 26400 26 100000 48 7.94E-03 3.05E-03 -0.68 

61 51000 27 190000 39 1.53E-02 2.99E-03 -0.24 

 

 

Figure S19. Eyring-plot for Cp3Tm-initiated DEVP (5vol%) polymerization in toluene (-1 – 

61 °C, ∆H
‡
 = 39.1 kJ mol

-1
, ∆S

‡
 = -82.8 J (mol K)

-1
). 
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Table S9. Temperature-dependent kinetics for Cp2Lu-catalyzed DEVP polymerization (1.09 

mmol L
-1

 [Cp2Lu(StBu)]2, 0.325 mol L
-1

 DEVP, toluene) 

T 

/°C
 

TOF 

/h
-1 

I*t 

/% 

TOF/I*t 

/h
-1 

Conversion at 

max. rate /% 

rate 

/mol L
-1

 s
-1 

1/T 

/K
-1 

ln(k/T) 

14 8500 15 61000 37 2.55E-03 3.48E-03 -1.33 

23 16600 17 98000 29 4.99E-03 3.38E-03 -0.93 

33 33000 19 165000 29 9.85E-03 3.27E-03 -0.40 

43 67000 22 300000 30 2.02E-02 3.16E-03 0.16 

53 84000 24 350000 49 2.53E-02 3.07E-03 0.58 

63 141000 23 600000 42 4.25E-02 2.97E-03 0.98 

 

 

 

Figure S20. Eyring-plot for [Cp2Lu(StBu)]2-initiated DEVP (5vol%) polymerization in 

toluene (14 – 63 °C, ∆H
‡
 = 38.7 kJ mol

-1
, ∆S

‡
 = -73.6 J (mol K)

-1
). 
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Table S9. Temperature-dependent kinetics for Cp2Lu-catalyzed DEVP polymerization (1.09 

mmol L
-1

 [Cp2Lu(StBu)]2, 0.325 mol L
-1

 DEVP, toluene) 

T 

/°C
 

TOF 

/h
-1 

I*t 

/% 

TOF/I*t 

/h
-1 

Conversion at 

max. rate /% 

rate 

/mol L
-1

 s
-1 

1/T 

/K
-1 

ln(k/T) 

14 8500 15 61000 37 2.55E-03 3.48E-03 -1.33 

23 16600 17 98000 29 4.99E-03 3.38E-03 -0.93 

33 33000 19 165000 29 9.85E-03 3.27E-03 -0.40 

43 67000 22 300000 30 2.02E-02 3.16E-03 0.16 

53 84000 24 350000 49 2.53E-02 3.07E-03 0.58 

63 141000 23 600000 42 4.25E-02 2.97E-03 0.98 

 

 

 

Figure S20. Eyring-plot for [Cp2Lu(StBu)]2-initiated DEVP (5vol%) polymerization in 

toluene (14 – 63 °C, ∆H
‡
 = 38.7 kJ mol

-1
, ∆S

‡
 = -73.6 J (mol K)

-1
). 
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Table S11. Temperature-dependent kinetics for Cp2Y-catalyzed DIVP polymerization (2.17 

mmol L
-1

 [Cp2Y(StBu)]2, 0.651 mol L
-1

 DIVP, toluene) 

T 

/°C
 

TOF 

/h
-1 

I*t 

/% 

TOF/I*t 

/h
-1 

Conversion at 

max. rate /% 

rate 

/mol L
-1

 s
-1 

1/T 

/K
-1 

ln(k/T) 

10 350 65 530 9.9 2.09E-04 3.53E-03 -7.02 

21 760 67 1130 8.2 4.59E-04 3.40E-03 -6.32 

30 1460 71 2060 8.0 8.79E-04 3.30E-03 -5.76 

41 2460 71 3460 9.4 1.48E-03 3.18E-03 -5.26 

50 3530 73 4840 8.5 2.13E-03 3.09E-03 -4.96 

59 5600 74 7570 11.9 3.36E-03 3.01E-03 -4.51 

69 10600 74 14300 11.8 6.37E-03 2.92E-03 -3.90 

 

 

 

Figure S22. Eyring-plot for [Cp2Y(StBu)]2-initiated DIVP (12.5vol%) polymerization in 

toluene (10 – 69 °C, ∆H
‡
 = 40.7 kJ mol

-1
, ∆S

‡
 = -112 J (mol K)

-1
). 
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Table S12. Temperature-dependent kinetics for Cp2Lu-catalyzed DIVP polymerization (1.09 

mmol L
-1

 [Cp2Y(StBu)]2, 0.325 mol L
-1

 DIVP, toluene) 

T 

/°C
 

TOF 

/h
-1 

I*t 

/% 

TOF/I*t 

/h
-1 

Conversion at 

max. rate /% 

rate 

/mol L
-1

 s
-1 

1/T 

/K
-1 

ln(k/T) 

11 350 57 610 28 1.05E-04 3.52E-03 -5.97 

21 560 46 1220 24 1.69E-04 3.40E-03 -5.38 

32 2000 86 2330 25 6.01E-04 3.28E-03 -4.75 

42 3100 65 4770 23 9.46E-04 3.17E-03 -4.08 

51 4500 70 6430 23 1.34E-03 3.08E-03 -3.83 

59 8400 89 9400 23 2.54E-03 3.01E-03 -3.46 

70 14800 82 18000 21 4.45E-03 2.91E-03 -2.87 

 

 

 

Figure S23. Eyring-plot for [Cp2Lu(StBu)]2-initiated DIVP (6.25vol%) polymerization in 

toluene (11 – 70 °C, ∆H
‡
 = 42.0 kJ mol

-1
, ∆S

‡
 = -99.1 J (mol K)

-1
). 
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CHAPTER 10: 

 

C–H BOND ACTIVATION BY σ-BOND METATHESIS AS A 

VERSATILE ROUTE TOWARDS HIGHLY EFFICIENT 

INITIATORS FOR RARE EARTH METAL-MEDIATED                                  

GROUP TRANSFER POLYMERIZATION  

 

 

 

 

 

 “The great tragedy of science – the slaying of a beautiful hypothesis by an ugly fact.” 

 
- Thomas Henry Huxley (1825-1895) 
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Content: 

Within the scope of this chapter, it will be shown that C–H bond activation by protonolysis of 

classical α-CH-acidic substrates is not a suitable alternative for the synthesis of rare earth 

metal enolates in comparison to the inconvenient established synthetic routes. On the 

contrary, C–H bond activation of non-classical CH-acidic substrates by σ-bond metathesis is a 

versatile route towards highly efficient and versatile initiators for REM-GTP. Accordingly, 

2,4,6-trimethylpyridyl bis(cyclopentadienyl) rare earth metal complexes exhibit unprece-

dented initiation rates for rare earth metal-mediated dialkyl vinylphosphonate polymerization 

and facilitate an efficient initiation for a broad scope of Michael acceptor-type monomers. 

The further development of this synthetic route and the evaluation of the resulting REM-GTP 

initiators are of major importance for the expansion of REM-GTP to new monomers. Within 

the frame of this chapter, certain points are raised which need to be addressed before the 

corresponding manuscript is ready for submission. 
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C–H Bond Activation by σ-Bond Metathesis as a Versatile Route 

towards Highly Efficient Initiators for Rare Earth Metal-

Mediated Group Transfer Polymerization 

Stephan Salzinger, Benedikt S. Soller, Bernhard Rieger* 

WACKER-Lehrstuhl für Makromolekulare Chemie, Technische Universität München, Lichtenbergstraße 4, 85747 Garching bei 
München, Germany 

 

Supporting Information Placeholder 

ABSTRACTABSTRACTABSTRACTABSTRACT:::: The use of C–H bond activation by alkylyttrium-
mediated σ-bond metathesis for the introduction of chain end func-
tionalization in 2-vinylpyridine polymerization has been recently pub-
lished. In this work, we demonstrate the suitability of this synthetic 
approach to rare earth metallocenes and show the applicability of the 
resulting complexes as highly efficient initiators for rare earth metal-
mediated group transfer polymerization. 2,4,6-trimethylpyridyl 
bis(cyclopentadienyl) complexes exhibit unprecedented initiation 
rates for rare earth metal-mediated dialkyl vinylphosphonate polymeri-
zation and facilitate an efficient initiation for a broad scope of Michael 
acceptor-type monomers. 

Since the first reports on living polymerizations of acrylic mono-
mers using early transition metal initiators by Collins, Ward1 and 
Yasuda et al.2 in 1992, researchers have devoted their efforts in the 
optimization of reaction conditions and initiator efficiency and the 
extension of this method to a variety of (meth)acrylates and 
(meth)acrylamides.3-6 In view of the propagation mechanism, this 
type of polymerization is recognized as coordinative-anionic or 
coordination-addition polymerization, and due to its similarity to 
silyl ketene acetal-initiated group transfer polymerization, it is also 
referred to as transition metal-mediated GTP.6-8 Rare earth metal-
mediated group transfer polymerization (REM-GTP) is of particu-
lar interest, as recent publications have shown that its applicability 
is not limited to common acrylic monomers, but that REM-GTP 
also facilitates the polymerization of several other monomer classes, 
i.e. dialkyl vinylphosphonates (DAVP), 2-isopropylene-2-oxazoline 
(IPOx) and 2-vinylpyridine (2VP).8-15 Moreover, our group re-
cently reported on the development of a surface-initiated group 
transfer polymerization (SI-GTP) mediated by rare earth metal 
catalysts allowing the perfect decoration of substrates with polymer 
brushes of specific functionality.16 

The applicability of REM-GTP to these new monomers opens 
the access to a variety of tailor-made functional materials, as this 
polymerization method combines the advantages of both living 
ionic and coordinative polymerizations. According to its highly 
living character, REM-GTP leads to strictly linear polymers with 

very narrow molecular weight distribution (PDI < 1.1), exhibits 
linear increase of the average molar mass upon monomer conver-
sion and allows the synthesis of block copolymers as well as the 
introduction of chain end functionalities.3-6 The coordination of the 
growing chain end at the catalyst suppresses side reactions and 
allows stereospecific polymerization as well as activity optimization 
by variation of both the metal center and the catalyst ligand 
sphere.3-6,8 

REM-GTP initiation usually proceeds via nucleophilic transfer of 
a strongly basic ligand, e.g. hydride, methyl or CH2TMS, to a coor-
dinated monomer (Scheme 1a, this is not the case for divalent rare 
earth metal centers, for which redox initiation occurs).6,17 This 
stands in large contrast to group 4 metal-mediated GTP, for which 
these initiators often lead to a slow and non-uniform initiation.6 
Accordingly, for these systems, a variety of strategies for the synthe-
sis of enolate initiators, which follow a faster initiation mechanism 
over an eight electron process (Scheme 1b), has been presented.6 
Surprisingly and supposedly attributed to the suitability of more 
simple initiators, only little efforts were devoted to the development 
of new initiating species for rare earth metal-based catalysts, which 
would in turn allow the introduction of a large range of chain end 
functionalities.  

 

Scheme 1.Scheme 1.Scheme 1.Scheme 1.    Possible initiation reactions forPossible initiation reactions forPossible initiation reactions forPossible initiation reactions for REM REM REM REM----GTP of GTP of GTP of GTP of 
DAVP:DAVP:DAVP:DAVP:    nucleophilic transfer nucleophilic transfer nucleophilic transfer nucleophilic transfer viaviaviavia  a (a) 6e a (a) 6e a (a) 6e a (a) 6e ---- or (b) 8e or (b) 8e or (b) 8e or (b) 8e ---- process and  process and  process and  process and 
(c(c(c(c)))) deprotonation of the acidic α deprotonation of the acidic α deprotonation of the acidic α deprotonation of the acidic α----CH.CH.CH.CH.        
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In previous work, we have shown that late lanthanide metallo-
cenes are highly active catalysts for DAVP polymerization.11 How-
ever, in detailed mechanistic studies we found that the traditionally 
used strongly basic methyl and CH2TMS initiators lead to an ineffi-
cient, slow initiation by deprotonation of the acidic α-CH (Scheme 
1c).18 Sterically crowded Cp3Ln complexes and thiolato complexes 
[Cp2Ln(StBu)]2 were found to efficiently initiate DAVP polymeri-
zation, however, further development of Cp3Ln complexes is lim-
ited and thiolate end groups were found to be prone to elimina-
tion.18 Moreover, these complexes are not suitable initiators for 
sterically less demanding or weaker coordinating monomers such as 
IPOx or 2VP.15,18  

Accordingly, the development of new initiators for REM-GTP, 
which facilitate an efficient initiation for a broad scope of mono-
mers and which lead to a stable end group functionalization via a 
C–C bond, is still of current interest. Inspired by the use of enolate-
type initiators in zirconium-mediated GTP our group focused on 
the development enolate or enamide initiators (Scheme 2) in order 
to facilitate an initiation over an eight electron process also for rare 
earth metal-based systems.  
 

Scheme 2Scheme 2Scheme 2Scheme 2....    Attempted sAttempted sAttempted sAttempted synthesis ofynthesis ofynthesis ofynthesis of enolate and enamide  enolate and enamide  enolate and enamide  enolate and enamide rare rare rare rare 
earth metallocene earth metallocene earth metallocene earth metallocene initiatorinitiatorinitiatorinitiatorssss    viaviaviavia C C C C––––H bond activation of H bond activation of H bond activation of H bond activation of 
classical classical classical classical αααα----CHCHCHCH----acidic substratesacidic substratesacidic substratesacidic substrates....    

 
 

As synthetic routes via salt metathesis from lithium enolates and 
rare earth metal chlorides and via thermolysis of alkyl complexes in 
presence of tetrahydrofurane are restricted to selected systems 
only,19 we decided to investigate the accessibility of rare earth 
enolates via α-CH-activation of the respective carbonyls (or oxa-
zoline/phosphonate) by amide and alkyl precursors 
Cp2Ln(bdsa)(thf) and Cp2Ln(CH2TMS)(thf) (bdsa = bis(di-
methylsilylamide, N(SiMe2H)2). 

The rather low basicity of the bdsa precursor (pKa(bdsaH) = 
22.820) limits its suitable spectrum of α-acidic substrates to ketones 
and aldehydes. Accordingly, we first evaluated the reaction between 
Cp2Ln(bdsa)(thf) and acetone resulting in the quantitative forma-
tion of Cp2Ln(N(SiMe2OiPr)(SiMe2H)) by hydrosilylation of the 
carbonyl moiety. Addition of a second equivalent of acetone leads 
to decomposition. Nevertheless, the isolated complex was tested 
towards DAVP polymerization, exhibiting similar efficiency and 
activity as the precursor complex. Attempts to preclude a hydrosily-
lation reaction by the use of a more sterically demanding ketone, i.e. 
tert-butyl methyl ketone, were unsuccessful. In contrast to the reac-
tion with acetone, a statistic mixture between starting material, 
single and double hydrosilylated product is formed for addition of 1 
equivalent of ketone. 

Surprisingly, the more reactive Cp2Ln(CH2TMS)(thf) precursor 
lead to no reaction with a large variety of substrates up to elevated 
reaction temperatures, at which decomposition was observed, re-
vealing a pronounced kinetic limitation for the protonolysis reac-
tion. Only with iso-butyrophenone, a defined reaction product 
could be isolated. However, instead of deprotonation of the acidic 
α-CH, a nucleophilic attack of the CH2TMS ligand at the carbonyl 
moiety under the formation of the corresponding alkoxide was 
observed. 

Despite numerous attempts and the use of a different precursor 
complexes and substrates, the formation of enolate rare earth com-
plexes by protonolysis of classical α-CH-acidic substrates could not 
be facilitated. Only recently, Mashima et al. reported on the intro-
duction of chain end functionality for 2VP polymerization by initial   
C–H bond activation of non-classical CH-acidic substrates via al-
kylyttrium-mediated σ-bond metathesis.12 In order to evaluate the 
applicability of this approach to rare earth metallocenes, we reacted 
Cp2Ln(CH2TMS)(thf) with 2,4,6-trimethylpydidine in toluene 
solution yielding the desired Cp2Ln(CH2((C5N)H2Me2)) after 
stirring at room temperature for 30 min or 6 h for Ln = Y or Lu, 
respectively (Scheme 3).   

 

Scheme Scheme Scheme Scheme 3333....    SSSSynthesis of ynthesis of ynthesis of ynthesis of CpCpCpCp2222Ln(CHLn(CHLn(CHLn(CH2222((C((C((C((C5555N)HN)HN)HN)H2222MeMeMeMe2222))))))))    viaviaviavia C C C C––––H H H H 
bond activation bond activation bond activation bond activation by σby σby σby σ----bond metathesisbond metathesisbond metathesisbond metathesis    and coordination as and coordination as and coordination as and coordination as 
carbcarbcarbcarbanion or enamide to the metal centeranion or enamide to the metal centeranion or enamide to the metal centeranion or enamide to the metal center....    

 
 

In order to verify the suitability of these complexes as initiators 
for REM-GTP, we carried out polymerization experiments with 
DEVP and IPOx. Hereby, for the first time using a Cp2LnX initia-
tor, polymerization of DEVP could be facilitated without observa-
tion of an initiation period (Figure 1, Table 1). Activity measure-
ments revealed a linear increase of the number-averaged molecular 
weight upon conversion, narrow polydispersity throughout the 
whole reaction and activities comparable to those observed for the 
corresponding “state-of-the-art” thiolato complexes (Figure 2, Ta-
ble 1).18 Intriguingly, in contrast to the previously applied thiolato 
complexes,18 the initiator efficiency of the Y complex remains con-
stant throughout the whole polymerization (Figure 1), indicating 
the initiator efficiency of 52% to be a result of an initial deactivation 
by impurities only. Moreover, these complexes also initiated the 
polymerization of IPOx, even though only materials with a rather 
broad polydispersity could be obtained, indicating a slow and non-
uniform initiation (Table 1). Detailed investigations on IPOx po-
lymerization using the presented catalysts need to be performed 
still. Nevertheless, the described complexes are the first systems 
exhibiting high initiator efficiencies for both DAVP and IPOx po-
lymerization. 
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Table 1. Comparison of Table 1. Comparison of Table 1. Comparison of Table 1. Comparison of CpCpCpCp2222Ln(CHLn(CHLn(CHLn(CH2222((C((C((C((C5555N)HN)HN)HN)H2222MeMeMeMe2222)) with “state)) with “state)) with “state)) with “state----ofofofof----thethethethe----art” catalystsart” catalystsart” catalystsart” catalysts15,1815,1815,1815,18    (tol(tol(tol(toluuuuene, 30 °C)ene, 30 °C)ene, 30 °C)ene, 30 °C)    

Catalyst Monomer [Mon]0/ 

[Cat]0 

Init.  

perioda 

Mn
b 

/kDa 

PDIb I*t
b 

/% 

I*b 

/% 

TOFc  

/h-1 

TOF/I*t
 

/h-1 

Cp2Y(CH2(C5N)H2Me2) DEVP 600 - 190 1.11 54 52 43,000 80,000 

[Cp2Y(StBu)]2 DEVP 600 5 sec 150 1.18 54 65 44,000 81,000 

Cp2Lu(CH2(C5N)H2Me2) DEVP 600 - 500 1.41 14 20 31,000 220,000 

[Cp2Lu(StBu)]2 DEVP 600 15 sec 210 1.35 30 47 103,000 340,000 

Cp2Y(CH2(C5N)H2Me2) IPOx 300 - 23 1.6  -d n.d.e  -d  -d 

Cp2Lu(CH2(C5N)H2Me2) IPOx 300 - 21 1.5  -d n.d.e  -d  -d 

[Cp2YbMe]2 IPOx 200 - 21 1.04 95 95 380 400 

aInitiation period, reaction time until 3% conversion is reached, bdetermined by GPC-MALS, I*(t) = Mth/Mn, Mth = [Mon]0/[Cat]0 × MMon × conver-
sion (I*t at the maximum rate, I* at the end of the reaction), cdetermined by 31P (DEVP) or 1H (IPOx) NMR spectroscopic measurement, dactivity 
measurements still need to be performed, enot determined due to incomplete conversion. 

 

    
Figure 1. Conversion-reaction time plot for polymerization of DEVP 
using Cp2Y(CH2(C5N)H2Me2), showing constant I* during the 
complete reaction (7.4 mg catalyst, 10vol% DEVP in 20 mL toluene, 
30 °C). 

    
Figure 2. Linear increase of the number-averaged molecular weight 
during DEVP polymerization using Cp2Y(CH2(C5N)H2Me2), and 
corresponding polydispersity (7.4 mg catalyst, 10vol% DEVP in 20 
mL toluene, 30 °C).  

 

The (4,6-dimethylpyridin-2-yl)methyl ligand can coordinate to 
the metal center both in form of a carbanion or in form of an ena-
mide (Scheme 2). Accordingly, initiation of DAVP polymeriza-
tion could occur via all three routes presented in Scheme 1. ESI 
MS analysis of produced DEVP oligomers shows a chain end 

functionalization by (4,6-dimethylpyridin-2-yl)methyl and does 
not provide any evidence for initial deprotonation (Figure 3), 
which is in accordance with the observed high initiation rates.  
Consequently, initiation by nucleophilic transfer is evident; if it 
proceeds via a 6 or 8 electron process may not be revealed by an 
experimental approach and requires a further theoretical study. 

 

 
Figure 3. ESI MS spectrum of DEVP oligomers produced with 
Cp2Y(CH2(C5N)H2Me2). 

Chart 1. Examples for REMChart 1. Examples for REMChart 1. Examples for REMChart 1. Examples for REM----GTP initGTP initGTP initGTP initiators accessible by rare iators accessible by rare iators accessible by rare iators accessible by rare 
earth metalearth metalearth metalearth metal----mediated σmediated σmediated σmediated σ----bond mbond mbond mbond meeeetathesis.tathesis.tathesis.tathesis. 

 
 

In summary, we have shown that C–H bond activation by pro-
tonolysis of classical α-CH-acidic substrates is not a suitable syn-
thetic route towards rare earth metal enolates. On the contrary,    
C–H bond activation of non-classical CH-acidic substrates by σ-
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bond metathesis, as previously presented by Teuben et al.21-23 and 
Mashima et al.,12 is a versatile route towards highly efficient and 
versatile initiators for REM-GTP of a variety of Michael acceptor-
type monomers. 

Before this manuscript is ready for submission, the following 
points should be addressed: first, a broader variety of initiators 
needs to be synthesized by σ-bond metathesis and tested for 
REM-GTP (for examples, see Chart 1). The initiators need to be 
isolated and fully characterized. Second, polymerization and oli-
gomerization experiments should be conducted for DEVP, MMA, 
IPOx and 2VP as examples for every important monomer class 
currently known to be susceptible to REM-GTP. According to the 
original protocol by Mashima et al.12, these polymerization ex-
periments should be conducted with both isolated complexes and 
by in situ σ-bond metathesis. From these polymerization data, the 
versatility of the applied initiators concerning their application to 
different monomer classes needs to be evaluated. Rare earth 
metal-mediated σ-bond metathesis allows the introduction of a 
vast variety of chain end functionality;12 hence, in combination 
with the observed fast and simultaneous initiation, this approach 
is very promising for a further development of new binding layers 
for SI-GTP. Accordingly, as a third major point, the applicability 
of these new initiators for SI-GTP should be evaluated. After ad-
dressing these points, in respect of the length of the final manu-
script, change of the article format from a note to an article may 
be necessary. 
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Supporting Information: 

 

C–H Bond Activation by σ-Bond Metathesis as a Versatile 

Route towards Highly Efficient Initiators for Rare Earth 

Metal-Mediated Group Transfer Polymerization 

 

Stephan Salzinger, Benedikt S. Soller, Bernhard Rieger* 

 

WACKER-Lehrstuhl für Makromolekulare Chemie, Technische Universität München, 
Lichtenbergstraße 4, 85748 Garching 
 
 
 

Material and Methods 

All reactions were carried out under argon atmosphere using standard Schlenk or glovebox 

techniques. All glassware was heat dried under vacuum prior to use. Unless otherwise stated, 

all chemicals were purchased from Sigma-Aldrich, Acros Organics or ABCR and used as 

received. Toluene, THF and pentane were dried using an MBraun SPS-800 solvent 

purification system. Hexane was dried over 3Å molecular sieve. Li(bdsa),1 the precursor 

complexes Ln(bdsa)3(thf)2,
1 Ln(CH2TMS)3(thf)2,

2 Cp2Ln(bdsa)(thf)3 and Cp2Ln(CH2TMS) 

(thf)3 as well as DEVP4 were prepared according to literature procedures. Monomers were 

dried over calcium hydride and destilled prior to use. 

NMR spectra were recorded on a Bruker AV-300 or AV-500C  spectrometer. 1H, 13C and 29Si 

NMR spectroscopic chemical shifts δ are reported in ppm relative to tetramethylsilane. δ(1H) 

is calibrated to the residual proton signal, δ(13C) to the carbon signal and δ(29Si) to the 

deuterium signal of the solvent. 31P NMR spectroscopic chemical shifts are reported in ppm 

relative to and calibrated to 85% aqueous H3PO4. Deuterated solvents were obtained from 

Deutero or Eurisotop and dried over 3Å molecular sieve. Elemental analyses were measured 

at the Laboratory for Microanalytics at the Institute of Inorganic Chemistry at the Technische 

Universität München. ESI MS analytical measurements were performed with methanol 

solutions on a Varian 500-MS spectrometer, using 70 keV in the positive ionization mode. 
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Complex Synthesis 

General procedure for the synthesis of Cp2LnX: 

1 eq of a stem solution of XH in toluene (ca. 5 w%) is added dropwise to a toluene solution of 

1 eq of Cp2Ln(bdsa)(thf) or Cp2Ln(CH2TMS) (ca.  0.1 M) at room temperature. The resulting 

mixture is stirred for the stated reaction time, the solvent and formed 1,1,3,3-

tetramethyldisilazane/SiMe4 are removed in vacuo and the resulting solid is washed with 

pentane. 

Cp2Lu(N(SiMe2OiPr)(SiMe2H)): Yield: 190 mg white powder (0.39 mmol, quantitative). 
1
H 

NMR (C6D6, 300 K, 500 MHz): δ = 0.08 (s, 6H, Si(OiPr)(CH3)2), 0.27 (d, 6H, 
3
J(H-H) = 3.0 

Hz, SiH(CH3)2), 0.73 (d, 6H, 
3
J(H-H) = 6.2 Hz, CH(CH3)2), 3.50 (sp, 1H, 

3
J(H-H) = 6.2 Hz, 

O-CH(CH3)2), 4.89 (sp, 1H,
 3

J(H-H) = 3.0 Hz, Si-H), 6.15 (s, 10H, Cp-H). 
13

C NMR (C6D6, 

300 K, 125 MHz): δ = 2.5 (s, Si(CH3)2), 3.2 (s, Si(CH3)2), 24.9 (s, CH(CH3)2), 68.7 (s, O-

CH(CH3)2), 111.6 (s, Cp-C).
 29

Si NMR (C6D6, 300K, 100 MHz):  δ = 24.5 (s), 45.7 (s). 

Cp2Lu(CH2((C5N)H2Me2)): Yield: 270 mg yellow powder (0.64 mmol, 82%). 
1
H NMR 

(THF-d8, 298 K, 300 MHz): δ = 1.78 (s, 2H, CH2), 2.11 (s, 3H, CH3), 2.33 (s, 3H, CH3), 5.75 

(s, 10H, Cp-H), 5.95 (s, 1H, Pyr-CH), 6.18 (s, 1H, Pyr-CH). 
13

C NMR (C6D6, 298 K, 75 

MHz): δ = 21.1 (s, CH3), 23.5 (s, CH3), 36.7 (s, CH2), 109.0 (s, Cp-C), 113.4 (s, Pyr-CH), 

116.6 (s, Pyr-CH), 148.4 (s, Pyr-Cqu), 157.5 (s, Pyr-Cqu), 170.0 (s, Pyr-Cqu). Product contains 

2,4,6-trimethylpyridine. 

Cp2Y(CH2((C5N)H2Me2)): Yield: 380 mg yellow powder (1.1 mmol, 77%). 
1
H NMR (THF-

d8, 298 K, 300 MHz): δ = 1.89 (s, 2H, CH2), 2.09 (s, 3H, CH3), 2.32 (s, 3H, CH3), 5.84 (s, 

10H, Cp-H), 5.98 (s, 1H, Pyr-CH), 6.15 (s, 1H, Pyr-CH). 
13

C NMR (C6D6, 298 K, 75 MHz): δ 

= 21.1 (s, CH3), 23.8 (s, CH3), 41.4 (s, CH2), 109.8 (s, Cp-C), 111.1 (s, Pyr-CH), 115.6 (s, 

Pyr-CH), 147.1 (s, Pyr-Cqu), 157.3 (s, Pyr-Cqu), 167.7 (s, Pyr-Cqu). Product contains 2,4,6-

trimethylpyridine. 

 

 

Oligomerization 

5 eq of the respective monomer are added to 1 eq of catalyst in toluene. The resulting mixture 

is stirred for 2 hours at room temperature and quenched by addition of MeOH. Volatiles were 

removed under reduced pressure and the residue is extracted with MeOH. For end group 

analysis, ESI-MS measurements of the methanolic extract are performed. 
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Activity measurements 

For activity measurements, the stated amount of catalyst (15-50 µmol) is dissolved in 20mL 

of toluene (DEVP polymerization) or toluene-d8 (IPOx polymerization), and the reaction 

mixture is thermostated to the desired temperature. Then, the stated amount of monomer (3.5-

13 mmol) is added. During the course of the measurement, the temperature is monitored with 

a digital thermometer and aliquots (0.5 mL) are taken and quenched by addition to deuterated 

methanol (0.2 mL). After the stated reaction time, the reaction is quenched by addition of 

MeOD (0.5 mL). The reaction is carried out in an MBraun Glovebox under argon atmosphere 

to take aliquots every 6-10 seconds at the beginning of the measurement. For each aliquot, the 

conversion is determined by 
1
H (IPOx) or 

31
P (DEVP) NMR spectroscopy, the molecular 

weight of the formed polymer by GPC-MALS analysis. 

 

Molecular Weight Determination 

GPC was carried out on a Varian LC-920 equipped with two PL Polargel columns. As eluent 

a mixture of 50% THF, 50% water, and 9 g L
-1

 tetrabutylammonium bromide (TBAB) was 

used. Absolute molecular weights have been determined online by multiangle light scattering 

(MALS) analysis using a Wyatt Dawn Heleos II in combination with a Wyatt Optilab rEX as 

concentration source. 
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CHAPTER 11: 

 

APPLICATION OF RARE EARTH METAL-MEDIATED                                

GROUP TRANSFER POLYMERIZATION TO                         

NEW MONOMER CLASSES 

 

 

 

 

 

 “If knowledge can create problems, it is not through ignorance that we can solve them.” 

 
- Isaac Asimov (1919-1992) 
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Content: 

Within this chapter, the suitability of REM-GTP for the polymerization of monomer classes 

with functional groups, which have not yet been tested for REM-GTP, is evaluated, including 

monomers comprising heteroatom-centered functionalities, e.g. phosphineoxide, sulfoxide, 

sulfone and sulfonate, as well as a variety of heteroaromatic monomers. The previously 

established monomer reactivity order is expanded to acrylamides, revealing coordination 

strength to the rare earth metal center comparable to vinylphosphonates. Accordingly, both 

statistical and block copolymers of N,N-dimethyl acrylamide (DMAA) and diethyl 

vinylphosphonate (DEVP) could be synthesized. A versatile synthetic route towards 

dialkylvinylphophineoxides is presented; however, requiring further optimization of the 

synthesis protocol. A conceptual approach to verify the polymerizability of the described 

monomers by means of REM-GTP is illustrated, allowing the development of a deeper 

understanding of the prerequisites monomers need to possess in order to be susceptible to 

REM-GTP. Furthermore, experiments are suggested to expand the established monomer 

reactivity order to the new monomers and to analyze and overcome limitations caused by the 

pronounced polarity of some applied monomers and the corresponding polymers. 
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Supporting Information Placeholder

ABSTRACTABSTRACTABSTRACTABSTRACT:::: In this work, we evaluate the suitability of REM-GTP for the polymerization of monomer classes with functional groups, which 
have not yet been tested for REM-GTP, including monomers comprising heteroatom-centered functionalities, e.g. phosphineoxide, sulfoxide, 
sulfone and sulfonate, as well as a variety of heteroaromatic monomers. The previously established monomer reactivity order could be ex-
panded to acrylamides, revealing coordination strength to the rare earth metal center comparable to vinylphosphonates. A versatile synthetic 
route towards dialkylvinylphophineoxides is presented. We propose a conceptual approach to verify the polymerizability of these monomers, 
allowing the development of a deeper understanding of the prerequisites monomers need to possess in order to be susceptible to REM-GTP. 
We furthermore suggest experiments to expand the established monomer reactivity order to the new monomers and to analyze and overcome 
limitations caused by the pronounced polarity of some applied monomers and the corresponding polymers. 

IntroductionIntroductionIntroductionIntroduction    

Rare earth metal-mediated group transfer polymerization (REM-
GTP) of acrylic monomers was first reported by Yasuda et al.1 in 
1992; in view of the polymerization mechanism, it is also referred to 
as coordinative-anionic or coordination-addition polymerization.2 
REM-GTP combines the advantages of both living ionic and co-
ordinative polymerizations. According to its highly living character, 
it leads to strictly linear polymers with very narrow molecular 
weight distribution (PDI < 1.1), exhibits linear increase of the aver-
age molar mass upon monomer conversion and allows the synthesis 
of block copolymers as well as the introduction of chain end func-
tionalities.2-6 The coordination of the growing chain end at the cata-
lyst suppresses side reactions and allows stereospecific polymeriza-
tion as well as activity optimization by variation of both the metal 
center and the catalyst ligand sphere.2-6 

Over the past decades, intensive research has been carried out to 
optimize the reaction conditions as well as the initiator efficiency 
and activity of the applied catalysts.2-5 Recently, our group reported 
on the development of a surface-initiated group transfer polymeri-
zation (SI-GTP) mediated by rare earth metal catalysts allowing the 
perfect decoration of substrates with polymer brushes of specific 
functionality.7 Despite the advantages combined by REM-GTP, 
which make this method a versatile tool for the synthesis of tailor-
made functional materials, its application has long been restricted 
to common (meth)acrylates. Recent publications have shown that 
REM-GTP is also applicable to monomers originating from renew-
able feedstocks, i.e. α-methylene-γ-(methyl)butyrolactones (MBL, 
βMMBL, γMMBL),8-11 as well as to several other monomer classes, 
i.e. dialkyl vinylphosphonates (DAVP), 2-isopropenyl-2-oxazoline 
(IPOx) and 2-vinylpyridine (2VP) (Scheme 1).6,7,12-18  

SchemeSchemeSchemeScheme 1 1 1 1. . . . Recent expansion of REMRecent expansion of REMRecent expansion of REMRecent expansion of REM----GTP to acrylic monGTP to acrylic monGTP to acrylic monGTP to acrylic mono-o-o-o-
mers from renewable feedstocks and mers from renewable feedstocks and mers from renewable feedstocks and mers from renewable feedstocks and to to to to new monnew monnew monnew monoooomer classesmer classesmer classesmer classes.... 

 
Scheme Scheme Scheme Scheme 2222....    (a) (a) (a) (a) Sufficient Sufficient Sufficient Sufficient ππππ----overlapoverlapoverlapoverlap of the double bonds as a  of the double bonds as a  of the double bonds as a  of the double bonds as a 
prerequisite for monomers susceptible to Rprerequisite for monomers susceptible to Rprerequisite for monomers susceptible to Rprerequisite for monomers susceptible to REMEMEMEM----GTP,GTP,GTP,GTP,    e.g.e.g.e.g.e.g.    
MMA,MMA,MMA,MMA, DEVP DEVP DEVP DEVP;;;;    (b)(b)(b)(b)    monomers with disturbed planaritymonomers with disturbed planaritymonomers with disturbed planaritymonomers with disturbed planarity of the  of the  of the  of the 
Michael system (Michael system (Michael system (Michael system (e.g.e.g.e.g.e.g.    DMMADMMADMMADMMA,,,, DE DE DE DEMMMMVPVPVPVP))))    cannotcannotcannotcannot be polymerized  be polymerized  be polymerized  be polymerized 
by REMby REMby REMby REM----GTPGTPGTPGTP....    

 
 

This expansion of REM-GTP shows that monomers suitable for 
this polymerization type need to exhibit Michael acceptor-type 
behavior and a sufficient π-overlap of the double bonds in an S-cis 
conformation (Scheme 2a). Accordingly, monomers for which 
steric repulsion disturbs the planarity of the Michael system, e.g. 
N,N-dimethyl methacrylamide (DMMA) or diethyl 1-methyl-
vinylphosphonate (DEMVP), were found to not be susceptible to 
coordination-addition polymerizations (Scheme 2b).2,6,19  
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CharCharCharChart 1.t 1.t 1.t 1.    New New New New monomermonomermonomermonomer classes classes classes classes tested for REM tested for REM tested for REM tested for REM----GTPGTPGTPGTP....    

 
 

Inspired by its recent expansion, in order to further increase the 
range of functional materials accessible by REM-GTP, we are cur-
rently conducting a detailed investigation on the polymerizability of 
Michael acceptor-type monomers with other functional groups 
(Chart 1) by rare earth metal catalysts. For monomers found non-
polymerizable by means of REM-GTP, evaluations are performed 
whether limitations occur according to an unfeasible initiation or 
propagation or as a result of readily occurring termination reactions 
(e.g. as observed for methyl acrylate20,21). Using this approach, we 
attempt to develop a deeper understanding of the prerequisites 
monomers need to possess in order to be susceptible to REM-GTP.  

Previous REM-GTP copolymerization studies have shown the 
addition sequence of the comonomers to be critical for monomers 
with different coordination strength to the metal center, i.e. mono-
mers can only be polymerized in order of increasing coordination 
strength.6,12,17,22 Within the frame of this work, the established reac-
tivity order of different monomer classes, i.e. DEVP > MMA > 
IPOx > 2VP,17 should be expanded to the new monomers found 
susceptible to REM-GTP. Within our previous study, we observed 
that consecutive polymerization of comonomers is not only re-
striced to an order of increasing coordination strength, but also to 
comonomers with similar polarity.17 Further verification of the 
proposed underlying encapsulation of the catalyst during polymeri-
zation of rather hydrophilic monomers, e.g. IPOx or 2VP, needs to 
be performed.  

In this manuscript, we present first preliminary results in the ex-
pansion of REM-GTP to further monomer classes and describe our 
conceptual approach to address the above detailed inquiries, i.e. the 
verification of necessary monomer prerequisites, the expansion of 
the monomer reactivity order and how to analyze and overcome 
limitations caused by the pronounced polarity of some applied 
monomers and the corresponding polymers.  

 

 

Results and DiscussionResults and DiscussionResults and DiscussionResults and Discussion    

Recently, our group and others reported on rare earth metal-
mediated polymerization of DAVP, IPOx and 2VP.6,7,12-18 Inspired 
by this recent expansion to new monomer classes, we were inter-
ested in increasing the versatility of REM-GTP by evaluating its 
application to further Michael acceptor-type monomers. Particu-
larly, this includes monomers comprising heteroatom-centered 
functionalities, e.g. phosphineoxide, sulfoxide, sulfone and sul-
fonate, as well as a variety of heteroaromatic monomers (Chart 1). 
Surprisingly, to the best of our knowledge, there are also no reports 
on successful rare earth metal-mediated polymerizations of vinyl 
and isopropenyl ketones as well as (meth)acrylamides.  

Chen et al.2,19,22-24 reported on highly stereospecific polymeriza-
tions of acryl- and methacrylamides mediated by group 4 metallo-
cenium cations, however, there are no reports on the polymeriza-
tion of these monomers by isoelectronic rare earth metal-based 
systems. In a 1997 review, Yasuda and Ihara stated that silyl ketene 
acetal-mediated GTP has some advantages in synthesizing 
poly(N,N-dimethylacrylamide), which [is] hardly produced with 
conventional organolanthanide initiators.4 In contrast to this state-
ment, we found that common rare earth metal initiators, i.e. 
[Cp2YbMe]2, Cp2Y(CH2TMS)(thf) and [Cp2Y(StBu)]2 readily 
polymerize N,N-dimethyl acrylamide (DMAA) in toluene solution 
at room temperature. Complete conversion was observed within a 
couple of seconds; however, formed polymer immediately precipi-
tated as it has been previously reported for group 4 metallocenium-
mediated GTP,23 resulting in low initiator efficiencies (I* < 30%) 
and inhomogeneous chain growth yielding rather broad polydisper-
sities (PDI < 2.5). Copolymerization studies have shown a relative 
coordination strength to the rare earth metal center of DMAA > 
MMA, identical to isoelectronic zirconocenium cation-mediated 
GTP.22 Intriguingly, DEVP-DMAA copolymerization studies re-
vealed similar coordination strengths to the metal center for the 
comonomers, as both statistical and sequential copolymerizations 
(in both directions) could be facilitated. Statistical DEVP-DMAA 
copolymers did not immediately precipitate from toluene solution; 
accordingly, narrower molecular weight distributions were yielded. 
Detailed investigations on REM-GTP of (meth)acrylamides should 
include the polymerization of other (more hydrophobic, to pre-
clude precipitation) monomers, the polymerization in DCM22,23 or 
polar donor solvents (vide infra) and the determination of copoly-
merization parameters for vinylphosphonate-(meth)acrylamide 
copolymerizations. 

Polymerization of methyl vinyl ketone (MVK) has been reported 
by both classical anionic polymerization as well as in presence of 
zirconocenes, however, there are no reports on the polymerization 
of vinyl or isopropenyl ketones by organo-rare earth metal initia-
tors.2 In initial attempts to polymerize MVK with the common rare 
earth metal initiators [Cp2YbMe]2, Cp2Y(CH2TMS)(thf) and 
[Cp2Y(StBu)]2, no monomer conversion was observed. More de-
tailed investigations on the polymerizability of vinyl or isopropenyl 
ketones by rare earth metal complexes according to the conceptual 
approach presented below are necessary. 

Inspired by the exclusive suitability of REM-GTP for the polym-
erization of DAVP, we investigated the polymerization of vinyl-
phosphineoxides by rare earth metal catalysts. Polymerization of 
diphenylvinylphosphineoxide (DPVPO) by [Cp2YbMe]2, Cp3Yb 
and Cp2Lu(bdsa)(thf) (bdsa = bis(dimethylsilyl)amide) lead to the 
formation of oligomers only.25 The polymerization was proposed to 
be limited by the poor solubility of both monomer and formed 
PDPVPO in toluene, inhibiting complete conversion.25 In order to 
evaluate the suitability of rare earth metal catalysts for a larger vari-
ety of vinylphosphineoxides, we investigated a general synthetic 
approach for the synthesis of dialkylvinylphosphineoxides 
(DAVPO) in a 5-step procedure starting from commercially     
available diethyl phosphonate (Scheme 3). The corresponding 
dialkylphosphineoxide was formed by treatment of the starting 
material with 2 eq of alkyl grignard reagent (it is better to use 3 eq 
in order to ensure complete conversion). According to an original 
procedure invented by Hoechst researchers,26 the phosphineoxide 
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Scheme Scheme Scheme Scheme 3333....    Synthesis of DAVPO in 5 steps from diethyl Synthesis of DAVPO in 5 steps from diethyl Synthesis of DAVPO in 5 steps from diethyl Synthesis of DAVPO in 5 steps from diethyl 
phosphonatephosphonatephosphonatephosphonate....    

 
 

is reacted in substance at 110 °C by dropwise addition of vinyl ace-
tate and azoisobutyronitrile (AIBN), forming (β-acetoxyethyl)- 
dialkylphosphineoxide as the main coupling product. After ester 
hydrolysis and reaction of the hydroxyl function with mesyl chlo-
ride, elimination of MsOH under basic condition yields the desired 
DAVPO. Direct elimination of AcOH by thermal treatment as de-
scribed in the original synthesis protocol27 as well as under acidic or 
basic conditions could not be observed. The presented synthetic 
approach provides a versatile route to a large variety of DAVPOs, 
however, optimization of each reaction step is necessary in order to 
increase the rather poor overall yield of 13%. Synthesized di-n-
butylvinylphosphineoxide (DBVPO) was not tested for polymeri-
zation yet; accordingly, detailed investigations on the applicability 
of REM-GTP to vinylphosphineoxides still need to be performed. 

In order to evaluate the suitability of sulfur-centered moieties, 
methyl vinyl sulfoxide (MVSO),28,29 methyl vinyl sulfone 
(MVSN)28,30 and ethyl vinylsulfonate (EVS)31 were synthesized 
according to literature procedures. For the corresponding isopro-
penyl monomers (corresponding to methacrylates), no convenient 
synthesis protocol could be found in literature. In first experiments, 
rare earth metal-initiated polymerization of EVS could not be ob-
served.25 Initial theoretical calculations indicate a higher electron 
density on the oxygen of the S=O moiety which is not part of the 
Michael system, suggesting a coordination to the metal center via 
this S=O moiety. Accordingly, activation of the Michael system 
would not be induced and a coordination-addition polymerization 
is not feasible. Alternatively, also irreversible η2-coordination over 
both S=O moieties or formation of coordination oligomers via Ln-
O=S=O-Ln bridges seems possible, again inhibiting polymeriza-
tion. Nevertheless, a more detailed theoretical study needs to be 
performed and supported by experimental data. A corresponding 
limitation may also be observed for coordination-addition polym-
erization of vinyl sulfones; however, REM-GTP of vinyl sulfoxides 
and vinyl sulfones has not been evaluated yet. 

Nitroethylene (NE) is readily accessible by dehydration of 2-
nitroethanol with phtalic anhydride.32 REM-GTP could be facili-
tated, however, analysis of the obtained polymeric material was 
complicated by poor solubility and intense coloring, inhibiting a 
reliable determination of the molecular weight via static light scat-
tering. Accordingly, an improved synthetic procedure and a more 
detailed investigation on REM-GTP of NE and 2-nitroproylene 
(NP) are necessary. 

2-isopropenyl-1-methyl imidazole (2IMI),33 -thiophene (2IT)34 
and -furane (2IF)34 were synthesized according to literature proce-
dures. However, in our initial investigations we did not observe 
polymerization of these monomers by any of the applied rare earth 
metal catalysts. A detailed investigation on the polymerizability of 
heteroaromatic isopropenyl and especially vinyl monomers is still 
missing. 

Concerning the recently presented rare earth metal-mediated po-
lymerization of α-methylene-γ-(methyl)butyrolactones, an evalua-
tion of the relative coordination strength of these cyclic acrylates to 
the rare earth metal center should be performed in the context of 
this work. Particularly, this includes the determination of copoly-
merization parameters for the statistical copolymerization with 
other monomer classes. 

In order to verify the applicability of REM-GTP to the above de-
tailed monomers, further investigations need to be performed. After 
proper purification and drying of the respective monomers, ho-
mopolymerizations need to be conducted or repeated with selected 
catalysts. Particularly, this selection should include a variation of the 
metal center (to adjust the activation barrier for the propagation 
reaction) and the initiating ligand (e.g. CH2TMS, Cp,14 thiolate18). 
If a polymer product cannot be isolated, oligomerization experi-
ments should be performed with the same catalysts. Mass spectro-
metric analysis should be used in order to verify if oligomers are 
produced and whether the initiating ligand L is transferred to a 
coordinated monomer or not (occurrence of m/z = MMon + ML + 
MH/Na). Critical evaluation of the end groups should be conducted, 
in order to exclude an oligomerization via radical processes. If for-
mation of oligomers is observed and can clearly be addressed to an 
initiation by the rare earth metal complex, the polymerization is 
either limited by a very slow propagation or due to readily occuring 
chain termination, e.g. via backbiting as observed for the polymeri-
zation of acrylates.21 The existence of a limitation by chain termina-
tion can be verified by determination of the lifetime of the active 
chain ends20 (vide infra) and by mass spectrometric end group 
analysis of produced oligomers.21 

If homopolymerization of a certain monomer A cannot be facili-
tated by any of the applied catalysts, statistical and sequential co-
polymerizations should be performed with different comonomers B 
which are known to undergo REM-GTP and which exhibit (as-
sumed) similar coordination strength to the metal center. If polym-
erization occurs, it should be verified whether A is incorporated 
into the formed polymers. If incorporation is observed, it should be 
verified by change of the feed ratio and kinetic analysis, whether the 
polymerization stops when B is completely converted. In this case, 
homopropagation of A is impossible; if polymerization continues, 
limitations arise according to an unfeasible initiation of A by the 
applied initiators. If copolymerization with no other monomer B 
can be facilitated, homopolymerization of B should be conducted 
with an addition of A before complete conversion of B. If polymeri-
zation stops at this point, A cannot be polymerized and serves as an 
inhibitor for REM-GTP.  

For monomers which can undergo homopolymerization initiated 
by rare earth metal complexes, the lifetime of the active species 
needs to be evaluated. This particularly includes the previously 
applied monomers DAVP, IPOx and 2VP. According to previous 
literature,20 for this purpose, a certain amount of monomer, e.g. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 11   

218 

 

100 eq in respect to the initiator, is polymerized at a given tempera-
ture until complete conversion. After dividing this reaction mixture 
into aliquots, one aliquot is quenched by addition of MeOH (as a 
reference) and each other aliquot is stirred for a different defined 
period, after which more monomer is added, e.g. another 100 eq. 
Hereby, the reaction temperature is maintained throughout the 
whole measurement. From the obtained (bimodal) molecular 
weight distributions of each aliquot, the initiator efficiency of the 
formed macroinitiator at the second monomer addition can be 
evaluated in dependency of the incubation period. This way, the 
lifetime of the active chain ends can be determined in dependency 
of solvent and temperature.  

For all monomers susceptible to REM-GTP, statistic copoly-
merization should be conducted in order to verify the relative coor-
dination strength of the monomers to the metal center. For those 
comonomers which exhibit similar coordination strength to the 
metal center and can thus undergo a statistical copolymerization, 
the copolymerization parameters need to be determined, e.g. from 
activity measurements via the Fineman-Ross method.16 The result-
ing reactivity order should be confirmed by sequential copolymeri-
zations. These experiments should include a verification of the pre-
viously described limitation by encapsulation of the catalyst during 
polymerization of rather hydrophilic monomers, e.g. IPOx or 
2VP.17 For this purpose, copolymerization experiments should be 
repeated using a more hydrophobic specimen of the same mono-
mer class, resulting in a better solubility of the formed polymer in 
toluene.  

As an alternative solution to overcome limitations which arise 
due to the pronounced polarity of some of the applied monomers, 
homo- and copolymerizations should also be performed in different 
solvents, e.g. DCM or polar donor solvents such as THF, dioxane, 
cyclic propylene carbonate, DMF or DMSO. This approach has 
already been adopted previously and emphasizes a great advantage 
of rare earth metal-based systems in comparison to their group 4 
metallocenium cation pendants, as REM-GTP is known to be more 
tolerant to polar media.11 If polymerization in these solvents is pos-
sible, the influence of the solvent on the polymerization behavior, 
e.g. catalyst activity or active chain end lifetime, should be deter-
mined. 

 

 

ConclusionConclusionConclusionConclusion    

In this work, we have demonstrated the suitability of REM-GTP 
for the polymerization of acrylamides, e.g. DMAA, and NE. The 
previously established monomer reactivity order could be expanded 
to acrylamides, which interestingly show comparable coordination 
strength to the metal center as vinylphosphonates (Scheme 4). 
Accordingly, both statistical and block copolymers of DMAA and 
DEVP could be synthesized. We furthermore presented a variety of 
monomer classes with functional groups, which have not yet been 
tested for REM-GTP, including monomers comprising heteroa-
tom-centered functionalities, e.g. phosphineoxide, sulfoxide, sul-
fone and sulfonate, as well as a variety of heteroaromatic mono-
mers. We have shown a versatile synthetic route towards DAVPOs; 
however, requiring further optimization of the synthesis protocol. 

 

Scheme Scheme Scheme Scheme 4444....    Expanded reactivity order of Michael acceptorExpanded reactivity order of Michael acceptorExpanded reactivity order of Michael acceptorExpanded reactivity order of Michael acceptor----type type type type 
monomers towards REMmonomers towards REMmonomers towards REMmonomers towards REM----GTPGTPGTPGTP....    

 
 

We proposed a conceptual approach to verify the polymerizabil-
ity of the described monomers by means of REM-GTP, allowing 
the development of a deeper understanding of the prerequisites 
monomers need to possess in order to be susceptible to REM-GTP. 
We furthermore suggested experiments to expand the established 
monomer reactivity order to the new monomers and to analyze and 
overcome limitations caused by the pronounced polarity of some 
applied monomers and the corresponding polymers. 

 

 

Experimental PartExperimental PartExperimental PartExperimental Part    

 

GeneralGeneralGeneralGeneral    

All reactions were carried out under argon atmosphere using 
standard Schlenk or glovebox techniques. All glassware was heat 
dried under vacuum prior to use. Unless otherwise stated, all 
chemicals were purchased from Sigma-Aldrich, Acros Organics or 
ABCR and used as received. Toluene, Et2O, THF and pentane were 
dried using an MBraun SPS-800 solvent purification system. 
Hexane and tert-butylthiol were dried over 3Å molecular sieve. 
Cp3Ln,35 [Cp2LnCl]2,36 [Cp2YbMe]2,37 [Cp2Y(StBu)]2,18 Cp2Lu 
(bdsa)(thf),18 Cp2Y(CH2TMS)(thf)18 and NaCp,38 Li(bdsa),39 the 
precursor complexes Ln(bdsa)3(thf)2

39 and Ln(CH2TMS)3(thf)2,40 
as well as the monomers DEVP,41 DPVPO,41 MVSO,28,29 MVSN,28,30 
EVS,31 NE,32 2IMI,33 2IT34 and 2IF34 were prepared according to 
literature procedures. Monomers were dried over calcium hydride 
and destilled prior to use. 

NMR spectra were recorded on a Bruker AV-300 or AV-500C  
spectrometer. 1H, 13C and 29Si NMR spectroscopic chemical shifts δ 
are reported in ppm relative to tetramethylsilane. δ(1H) is cali-
brated to the residual proton signal, δ(13C) to the carbon signal and 
δ(29Si) to the deuterium signal of the solvent. 31P NMR spectro-
scopic chemical shifts are reported in ppm relative to and calibrated 
to 85% aqueous H3PO4. Deuterated solvents were obtained from 
Deutero or Eurisotop and dried over 3Å molecular sieve. Elemental 
analyses were measured at the Laboratory for Microanalytics at the 
Institute of Inorganic Chemistry at the Technische Universität 
München. ESI MS analytical measurements were performed with 
methanol solutions on a Varian 500-MS spectrometer, using 70 keV 
in the positive ionization mode. 

 

Synthesis of DBVPOSynthesis of DBVPOSynthesis of DBVPOSynthesis of DBVPO    

DiDiDiDi----nnnn----butylphosphineobutylphosphineobutylphosphineobutylphosphineoxide:xide:xide:xide: A solution of 98.4 g (0.72 mol, 
2 eq) 1-butylbromide in 150 mL Et2O is added dropwise to 17.5 g 
(0.72 mol, 2 eq) magnesium turnings suspended in 150 mL Et2O. 
After complete conversion of the magnesium turnings, the reaction 
mixture is cooled to 0 °C and a solution of 49.5 g (0.36 mol, 1 eq) 
diethyl phosphonate in 150 mL Et2O is added dropwise. After addi-
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tion is complete, the reaction mixture is stirred for two hours, 
200 mL of THF are added and the reaction is quenched by addition 
of diluted aqueous HCl. The organic phase is washed twice with 
water and the combined aqueous phases are extracted two times 
with DCM. The combined organic phases are dried with Na2SO4, 
concentrated in vacuo and the residue is dissolved in hexane. Crys-
tallization at -30 °C yields 28.1 g (0.17 mol, 47%) of di-n-
butylphos-phineoxide in form of colorless crystals. 1H NMR 
(CDCl3, 298 K, 300 MHz): δ = 0.96 (t, 6H, 3J(H-H) = 7.2 Hz, 
CH3), 1.45 (m, 4H, CH2- CH3), 1.66 (m, 4H, CH2-CH2-CH3), 1.89 
(m, 4H, P-CH2), 6.89 (d, 1H, 1J(P-H) = 447 Hz, P-H). 

((((ββββ----AcetoxyethylAcetoxyethylAcetoxyethylAcetoxyethyl))))didididi----nnnn----butylbutylbutylbutylphosphineoxide:phosphineoxide:phosphineoxide:phosphineoxide: A mixture of 
7.58 g (88 mmol, 1 eq) vinyl acetate and 88 mg (0.54 mmol) AIBN 
is added to dropwise to 14.3 g (88 mmol, 1 eq) molten di-n-
butylphosphineoxide at 110 °C. After complete addition, the reac-
tion mixture is stirred for further 1.5 h at this temperature yielding 
19.4 g (82 mmol, 93%) of crude product, which is used without 
further purification. 1H NMR (CDCl3, 298 K, 300 MHz): δ = 0.95 
(t, 6H, 3J(H-H) = 7.1 Hz, CH2-CH3), 1.44 (m, 4H, CH2-CH3), 
1.57 (m, 4H, CH2-CH2-CH3), 1.76 (m, 4H, P-CH2-CH2-CH2), 
2.07 (s, 3H, CO-CH3), 2.11 (dt, 2H, 2J(P-H) = 11.4 Hz, 3J(H-H) = 
7.2 Hz, P-CH2-CH2OAc),  4.39 (dt, 2H, 3J(P-H) = 12.1 Hz, 3J(H-
H) = 7.2 Hz,  CH2-OAc). 

DDDDiiii----nnnn----butylbutylbutylbutyl(β(β(β(β----hydroxyethyl)hydroxyethyl)hydroxyethyl)hydroxyethyl)phosphineoxide:phosphineoxide:phosphineoxide:phosphineoxide: A mixture of 
20 mL water, 20 mL THF, 19.7 g (0.49 mol, 6 eq) NaOH and 
19.4 g (82 mmol, 1 eq) (β-acetoxyethyl)di-n-butylphosphineoxide 
is refluxed for 3 h. After removal of THF under reduced pressure 
and addition of diluted aqueous HCl, the resulting aqueous phase is 
extracted three times with DCM. The combined organic phases are 
dried with Na2SO4, concentrated in vacuo yielding 14.0 g 
(68 mmol, 83%) crude product in form of a pale brown liquid, 
which is used without further purification. 1H NMR (CDCl3, 298 K, 
300 MHz): δ = 0.95 (t, 6H, 3J(H-H) = 7.2 Hz, CH3), 1.44 (m, 4H, 
CH2-CH3), 1.56 (m, 4H, CH2-CH2-CH3), 1.77 (m, 4H, P-CH2-
CH2-CH2), 1.98 (dt, 2H, 2J(P-H) = 9.4 Hz, 3J(H-H) = 6.1 Hz, P-
CH2-CH2OH),  4.03 (dt, 2H, 3J(P-H) = 17.0 Hz, 3J(H-H) = 6.1 Hz,  
CH2-OH). 

DiDiDiDi----nnnn----butylbutylbutylbutyl((((ββββ----mesylethylmesylethylmesylethylmesylethyl))))phosphineoxide:phosphineoxide:phosphineoxide:phosphineoxide: 10.13 g (88 mmol, 
1.3 eq) methanesulfonyl chloride are added slowly to a toluene 
solution of 14.0 g (68 mmol, 1 eq) di-n-butyl(β-hydroxyethyl)-
phosphineoxide and 26.8 g (0.27 mol, 3.9 eq) triethylamine. The 
reaction mixture is stirred for three hours, filtered and the filtrate 
concentrated in vacuo yielding 13.0 g (49 mmol, 72%) crude prod-
uct in form of a brown liquid, which is used without further purifica-
tion. 1H NMR (CDCl3, 298 K, 300 MHz): δ = 0.96 (t, 6H, 3J(H-H) 
= 7.2 Hz, CH2-CH3), 1.45 (m, 4H, CH2-CH3), 1.58 (m, 4H, CH2-
CH2-CH3), 1.76 (m, 4H, P-CH2-CH2-CH2), 2.21 (dt, 2H, 2J(P-H) 
= 10.3 Hz, 3J(H-H) = 7.1 Hz, P-CH2-CH2OMs),  3.08 (s, 3H, SO2-
CH3), 4.58 (dt, 2H, 3J(P-H) = 11.1 Hz, 3J(H-H) = 7.1 Hz,  CH2-
OMs). 

DiDiDiDi----nnnn----butylvinybutylvinybutylvinybutylvinylphosphineoxide (DBVPO):lphosphineoxide (DBVPO):lphosphineoxide (DBVPO):lphosphineoxide (DBVPO): A mixture of 
20 mL water, 20 mL thf, 11.9 g (0.30 mol, 6 eq) NaOH and 
13.0 g (49 mmol, 1 eq) di-n-butyl (β-mesylethyl)phosphineoxide is 
refluxed for 3 h. After removal of THF under reduced pressure and 
addition of diluted aqueous HCl, the resulting aqueous phase is 
extracted three times with DCM. The combined organic phases are 
dried with Na2SO4 and concentrated in vacuo. The orange residue 

is recrystallized from hexane yielding 4.65 g (25 mmol, 51%) 
DBVPO in form of colorless crystals. 1H NMR (CDCl3, 298 K, 300 
MHz): δ = 0.91 (t, 6H, 3J(H-H) = 7.2 Hz, CH3), 1.41 (m, 4H, CH2-
CH3), 1.58 (m, 4H, CH2-CH2-CH3), 1.73 (m, 4H, P-CH2-CH2-
CH2), 6.03-6.37 (m, 3H,  CH=CH2). 

    

OligomerizationOligomerizationOligomerizationOligomerization    

5 eq of the monomer are added to 1 eq of catalyst in toluene. The 
resulting mixture is stirred for 2 hours at room temperature and 
quenched by addition of MeOH or acidified (37w% HClaq) MeOH. 
Volatiles are removed under reduced pressure and the residue is 
extracted with MeOH. For end group analysis, ESI MS measure-
ments of the methanolic extract are performed. 

 

HomoHomoHomoHomo---- and statistical co and statistical co and statistical co and statistical copolymerizationpolymerizationpolymerizationpolymerization 

After dissolving/suspending the catalyst in the solvent at room 
temperature, the calculated amount of the monomer (mixture) is 
added (overall monomer concentration 10vol%). The polymer is 
precipitated by addition of the reaction mixture to hexane (150 
mL) and decanted from solution. Residual solvents are removed by 
drying the polymers under vacuum at 70 °C overnight. 

 
Sequential Sequential Sequential Sequential CopolymerizationCopolymerizationCopolymerizationCopolymerization    

After dissolving/suspending the calculated amount of catalyst in 
the solvent at room temperature, the first monomer is added 
(monomer concentration 10vol%). The reaction mixture is stirred 
until complete conversion of the monomer and divided into ali-
quots. One aliquot is quenched by addition of 0.5 mL MeOH, to 
each of the other aliquots, the calculated amount of a second 
monomer is added, the reaction mixtures stirred for another 2 
hours at room temperature and quenched by addition of 0.5 mL 
MeOH. The polymers are precipitated by addition of the reaction 
mixtures to hexane (150 mL) and decanted from solution. Residual 
solvents are removed by drying the polymers under vacuum at 
70 °C overnight. 

 

Activity measurements Activity measurements Activity measurements Activity measurements     

For activity measurements, the 21.7 µmol of catalyst is dis-
solved/suspended in 20mL of (deuterated) solvent, and the reac-
tion mixture is thermostated to the desired temperature. Then, the 
calculated amount of monomer is added. During the course of the 
measurement, the temperature is monitored with a digital ther-
mometer and aliquots (0.5 mL) are taken and quenched by addi-
tion to deuterated methanol (0.2 mL). After the stated reaction 
time, the reaction is quenched by addition of MeOD (0.5 mL). The 
reaction is carried out in an MBraun Glovebox under argon atmos-
phere to take aliquots every 6-10 seconds at the beginning of the 
measurement. For each aliquot, the conversion is determined by 1H 
or 31P NMR spectroscopy, the molecular weight of the formed poly-
mer by GPC-MALS analysis. 

 

Molecular weight determinationMolecular weight determinationMolecular weight determinationMolecular weight determination    

GPC was carried out on a Varian LC-920 equipped with two ana-
lytical PL Polargel M columns. As eluent, THF with 6 g L-1 tetrabu-
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tylammonium bromide (TBAB) or a mixture of 50% THF, 50% 
water, and 9 g L-1 TBAB was used. Absolute molecular weights have 
been determined online by multiangle light scattering (MALS) 
analysis using a Wyatt Dawn Heleos II in combination with a Wyatt 
Optilab rEX as concentration source. 
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Within the last decades, the need for new materials with designed properties has been a main 

driving force in polymer research. Coordination polymerization of functional monomers 

enables a precise adjustment of the polymer structure and thus of the material properties, 

making this approach a very promising option for the production of such tailor-made 

functional materials. Organo-rare earth metal catalysts are particularly well-suited tools for the 

synthesis of functional high value polymers as they facilitate the polymerization of a broad 

variety of monomers following different polymerization mechanisms. Rare earth metal-

mediated group transfer polymerization (REM-GTP) of polar-modified olefins combines the 

advantages of living ionic and coordination polymerizations; however, according to the 

restricted utilization for (meth)acrylic monomers only, the interest in REM-GTP has 

continuously decreased in the first decade of the 21st century. Nevertheless, recent 

publications have shown the suitability of REM-GTP to a variety of other monomer classes, 

particularly poly(vinylphosphonate)s, a material class which is not satisfactorily accessible 

via other polymerization methods. 

Inspired by its recent expansion, in order to further increase the range of accessible functional 

materials, a major focus of this work was the expansion of REM-GTP to Michael acceptor-

type monomers with functional groups which have not yet been tested for REM-GTP. Initial 

investigations on rare earth metal-mediated vinylphosphonate polymerization have proven the 

livingness of polymerization and suggest a GTP mechanism taking place, however, other 

typical characteristics of REM-GTP were found to be strongly altered for its application to 

vinylphosphonates. Consequently, in order to expand the efficient utilization of REM-GTP 

towards a broader scope of monomers, a deeper understanding of the underlying initiation and 

propagation mechanism is inevitable. Therefore, it was a major scope of this thesis to conduct 

detailed mechanistic studies in order to verify the origin of unexpected polymerization 

behavior and to allow a prediction of this behavior for other monomers of interest.  

Rare earth metal-mediated polymerization of vinylphosphonates was found to be limited by 

an inefficient initiation by traditionally used strongly basic carbanion initiators, e.g. methyl 

complexes. Accordingly, a reliable kinetic analysis of vinylphosphonate REM-GTP was found 

to be hampered by very fast propagation with a comparatively slow initiation. In view of that, 

both the synthesis of catalysts exhibiting lower activity and faster initiation, as well as a 

(differential) method for the kinetic analysis of living polymerizations with comparable 

initiation and propagation rates needed to be developed. 
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A major improvement of vinylphosphonate REM-GTP has been the first application of 

tris(cyclopentadienyl) rare earth metal complexes (Cp3Ln) for REM-GTP. These trivalent 

cyclopentadienyl rare earth metal complexes are easily accessible in a one-step reaction and 

proved to be, in case of late lanthanides, efficient initiators and highly active catalysts for 

REM-GTP of various dialkyl vinylphosphonates, yielding well-defined polymers with low 

PDI and a molecular weight close to the initial monomer to catalyst ratio even at elevated 

temperatures (30-70 °C). The initiation for these unusual catalysts was found to proceed via 

nucleophilic transfer of a cyclopentadienyl ligand to a coordinated monomer (Scheme 12.1). 

For the Cp3Ln series, for the first time, a detailed dependency of efficiency and activity of the 

applied complexes towards vinylphosphonate polymerization on the rare earth metal radius 

could be observed, i.e. the smaller the metal center, the higher the initiator efficiency and the 

normalized catalytic activity.  

 

.  

Scheme 12.1: Initiation of Cp3Ln-initiated REM-GTP of vinylphosphonates. 

 

In order to develop a deeper understanding of both initiation and propagation of 

vinylphosphonate REM-GTP, a variety of different trivalent bis(cyclopentadienyl) rare earth 

metal complexes (Cp2LnX) has been synthesized and tested for vinylphosphonate 

polymerization. ESI MS analysis of produced oligomers, in combination with in situ NMR 

spectroscopy of phosphonate coordination at the rare earth metal center revealed a complex 

reaction network for the initiation of vinylphosphonate REM-GTP (Scheme 12.2). Depending 

on the nature of X, initiation can either proceed via abstraction of the acidic α-CH of the 

vinylphosphonate (e.g. for X = Me, CH2TMS), via nucleophilic transfer of X to a coordinated 

monomer (e.g. for X = Cp, SR) or via a monomer- (i.e. donor-) induced ligand exchange 

reaction forming Cp3Ln in equilibrium (e.g. for X = Cl, OR), which serves as the active 

initiating and catalytic species. These results were further corroborated by single X-ray 

crystallography of phosphonate adducts at the rare earth metal center, providing first 

crystallographic proof of vinylphosphonate coordination at the active site via the oxygen of 

the phosphonate moiety. 
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Scheme 12.2: Initiation of vinylphosphonate GTP using unbridged rare earth metallocenes (Cp2LnX) 

via deprotonation of the acidic α-CH, nucleophilic transfer of X or via a monomer-induced ligand 

exchange reaction forming Cp3Ln(DAVP). 

 

For ideal living polymerizations, i.e. living polymerizations for which the initiation rate is 

considerably faster than the propagation rate, the initiator efficiency I* is mainly determined 

by initiator deactivation and does therefore not change during the course of polymerization. 

Rare earth metal-mediated GTP of vinylphosphonates is very fast and therefore primarily 

limited by an inefficient initiation reaction. Thus, I* is increasing significantly during 

polymerization (Figure 12.1).  

 

 

Figure 12.1: Conversion-reaction time plot for polymerization of DEVP, change of I*t during the 

reaction and corresponding normalized TOFs (8.6 mg [Cp2Y(StBu)]2, 7.5vol% DEVP in toluene (20 

mL), 30 °C). 
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Time-resolved analysis of monomer conversion and molecular weights of the formed 

polymers allows the determination of the initiator efficiency throughout the whole reaction. 

Using this normalization method, REM-GTP of vinylphosphonates was shown to follow a 

monometallic Yasuda-type polymerization mechanism, with an SN2-type associative 

displacement of the polymer phosphonate ester by a monomer as the RDS. Surprisingly, the 

activation entropy �S‡ of the RDS is strongly affected by the metal radius and the monomer 

size, whereas these parameters show only minor influence on the activation enthalpy �H‡. 

Accordingly, the propagation rate of rare earth metal-mediated vinylphosphonate GTP is 

mainly determined by the change of rotational and vibrational restrictions within the eight-

membered metallacycle in the RDS. This result stands in large contrast to previous 

measurements on (meth)acrylate REM-GTP and explains the reverse correlation between 

activity and the radius of the metal center. As the activation entropy was shown to exhibit 

large influence on the propagation of coordinative-anionic polymerizations, it should be 

properly addressed in future mechanistic studies. As the steric demand of the added monomer 

(in contrast to the steric demand of the growing polymer chain end) was shown to exhibit only 

minor influence on the propagation rate (i.e. copolymerization parameters for 

vinylphosphonate copolymerization were shown to be r1, r2 ~ 1), the associative displacement 

is very likely to proceed over two transition states via a pentacoordinated intermediate 

(Scheme 12.3).  

 

 

Scheme 12.3: Elemental steps of rare earth mediated GTP of vinylphosphonates. The rate-limiting 

step is an SN2-type associative displacement of the polymer phosphonate ester by a vinylphosphonate 

monomer, presumably via a pentacoordinated intermediate. 
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Within the scope of this work, the first example of a surface-initiated group transfer 

polymerization (SI-GTP) mediated by rare earth metal catalysts could be developed. The 

experimentally facile method allows a fast grafting of polymer brushes with a thickness of 

more than 150 nm in less than 5 minutes at room temperature. On basis of the previously 

reported consecutive copolymerization of MMA and DEVP, bis(cyclopentadienyl) methyl 

ytterbium was reacted with surface-bound methacrylate moieties, forming highly efficient 

enolate initiators for the successive SI-GTP (Scheme 12.4a). In order to preclude an in-plane 

polymerization of catalyst binding sites leading to low catalyst loading and thus to an 

inhomogeneous coverage after SI-GTP (Scheme 12.4b), a binding layer with embedded, but 

isolated methacrylate moieties needed to be used (Scheme 12.4c). SI-GTP was shown to be a 

powerful tool for the preparation of common poly(methacrylate) brushes and novel thermo-

responsive poly(diethyl vinylphosphonate) and proton-conducting poly(vinylphosphonic acid) 

brush layers. 

 

 

Scheme 12.4: a) Formation of enolate initiating species during catalyst impregnation by reaction of 

Cp2YbMe with surface-bound methacrylates and subsequent initiation of SI-GTP; b) in-plane 

polymerization of catalyst binding sites leads to inhomogeneous coverage after SI-GTP on a TMSPM 

monolayer; c) a crosslinked PEGDM network with embedded, but isolated methacrylate moieties 

leads to high catalyst loading and thus to an efficient SI-GTP. 
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The use of highly efficient enolate initiators is of substantial importance to facilitate a 

homogeneous polymer brush growth for SI-GTP. Whereas the reaction with embedded, but 

isolated methacrylate moieties provides an elegant approach for the synthesis of such enolate 

initiators on surfaces, there is no convenient synthesis protocol for the production of rare earth 

enolates in solution. Within the scope of this work, it could be shown that C–H bond 

activation by protonolysis of classical α-CH-acidic substrates is not a suitable alternative to 

the inconvenient established routes. Another approach to highly efficient initiators is the use 

of substituted, sterically more crowded tris(cyclopentadienyl) rare earth metal complexes 

(CpR
3Ln, Figure 12.2). The increased steric constraints in comparison to unsubstituted Cp3Ln 

are supposed to lead to a stronger destabilization of the reaction intermediate CpR
3Ln(Mon), 

and according to the mechanistic studies on vinylphosphonate propagation, to an increase of 

the propagation rate by a higher steric crowding of the active species. Indeed, initial 

investigations using tris(methylcyclopentadienyl)yttrium (CpMe
3Y) have shown higher 

activity and drastically increased initiator efficiency in comparison to Cp3Y. So far, the 

efficient use of tris(cyclopentadienyl) rare earth metal complexes has been limited to 

vinylphosphonates, however, the higher steric crowding of CpR
3Ln may also facilitate an 

efficient initiation of sterically less demanding monomers. Accordingly, further development 

of these initiators is a promising route for further catalyst optimization and should be 

investigated in future work. 

 

 

Figure 12.2: Optimization of tris(cyclopentadienyl) rare earth metal initiators by increase of the 

steric crowding via the use of substituted cyclopentadienyl ligands (R, R1, R2 = Me, TMS). 

 

As detailed above, traditionally used strongly basic methyl and CH2TMS initiators lead to an 

inefficient, slow initiation of vinylphosphonate polymerization by deprotonation of the acidic 

α-CH. Sterically crowded Cp3Ln complexes and thiolato complexes [Cp2Ln(StBu)]2 were 

found to efficiently initiate DAVP polymerization, however, further development of Cp3Ln 

complexes is limited and thiolate end groups were found to be prone to elimination. 

Moreover, these complexes are not suitable initiators for sterically less demanding or weaker 

coordinating monomers such as IPOx or 2VP. Accordingly, the development of new initiators 

for REM-GTP, which facilitate an efficient initiation for a broad scope of monomers and 
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which lead to a stable end group functionalization via a C–C bond, is still of current interest. 

Contrary to C–H bond activation by protonolysis of classical α-CH-acidic substrates, C–H 

bond activation of non-classical CH-acidic substrates by σ-bond metathesis has been shown to 

be a versatile route towards highly efficient and versatile initiators for REM-GTP of a variety 

of Michael acceptor-type monomers. The further development of this synthetic route and the 

evaluation of the resulting REM-GTP initiators are of major importance for the expansion of 

REM-GTP to new monomers. 

Within the scope of this work, the first report on facile and efficient REM-GTP of the 

versatile dual-functional monomer 2-isopropenyl-2-oxazoline (IPOx) was presented, yielding 

high molecular weight PIPOx with unprecedented low polydispersity (PDI < 1.05). REM-

GTP was also found to be applicable to 2-vinylpyridine (2VP), giving access to P2VP of 

defined molar mass and narrow molecular weight distribution. REM-GTP of IPOx and 2VP 

occurs via N-coordination at the rare earth metal center, which has rarely been reported 

previously. Furthermore, the suitability of REM-GTP for the polymerization of acrylamides 

and nitroethylene could be demonstrated. Copolymerization studies established a reactivity 

order of these new monomers and other established comonomers for REM-GTP as          

DEVP ~ DMAA >> MA > MMA >> IPOx >> 2VP (Scheme 12.5), which can be ascribed to 

the coordination strength of the respective monomers at the rare earth metal center (the 

relative coordination strength of nitroethylene has not been evaluated yet). Consecutive 

polymerization of different monomers is hereby only possible in order of increasing 

coordination strength, and restricted to comonomers with similar polarity. 

 

 

Scheme 12.5: Reactivity order of Michael acceptor-type monomers towards REM-GTP. 

 

A variety of further monomer classes were presented, comprising functional groups, which 

have not yet been tested for REM-GTP, including heteroatom-centered functionalities, e.g. 

phosphineoxide, sulfoxide, sulfone and sulfonate, as well as a variety of heteroaromatic 

monomers. A conceptual approach to verify the polymerizability of the described monomers 

by means of REM-GTP was illustrated, allowing the development of a deeper understanding 

of the prerequisites monomers need to possess in order to be susceptible to REM-GTP. 
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A detailed investigation on the thermosensitivity of aqueous PDEVP solutions revealed the 

occurrence of a coil-globule transition mechanism and has shown the possibility to adjust the 

LCST by statistic copolymerization of DEVP with more hydrophobic and hydrophilic 

DAVPs. The obtained co-PDAVPs exhibited thermoresponsive properties, which can be 

tuned in a wide range by controlling the feed ratio of the comonomers. The observed sharp 

and reversible phase transition, the small dependence of the thermoresponsiveness on 

additives and concentration as well as its biocompatibility make PDAVP an interesting 

alternative compared to established thermoresponsive polymers. Intriguingly, the thermal 

response of PDEVP was well preserved when anchored to the surface by SI-GTP, thus, REM-

GTP gives easy access to thermosresponsive polymer brushes. 

In order to further increase the scope of functional materials accessible by REM-GTP, 

polymer-analogous transformations of the introduced new functionalities were evaluated. 

Accordingly, transformation of poly(vinylphosphonate)s to poly(vinylphosphonic acid) by 

both mild hydrolysis and thermal treatment could be established, with the latter providing a 

possibility of converting PDAVP to PVPA in an economic and clean fashion, without the use 

of solvents or reagents. PVPA synthesis by mild hydrolysis of surface-bound PDAVP was 

shown to yield PVPA brushes without cleavage from the substrate, thus opening the access to 

proton-conducting brush layers. As a further polymer-analogous transformation, living 

cationic ring-opening polymerization (LCROP) of 2-ethyl-2-oxazoline via grafting from a 

PIPOx backbone yields well-defined molecular brushes. The combination of REM-GTP and 

LCROP is the first example for the synthesis of poly(2-oxazoline) molecular brushes with 

narrow side and backbone chain length distribution. Further polymer-analogous 

transformations, e.g. the reduction of phosphineoxides to phosphines or nitro moieties to 

amino groups, still needs to be evaluated. 

One of the major advantages of REM-GTP is its possibility to induce a stereocontrolled 

polymerization by variation of the catalyst coordination sphere. However, this thesis was 

mainly concerned with the variation of the metal center and the initiating ligand in order to 

optimize both initiator efficiency and catalytic activity as well as to provide a deeper 

mechanistic understanding of REM-GTP. Nevertheless, the evaluation of a variation of the 

ligand sphere of the active site is still of major interest, as it may provide the first access to 

highly stereoregular poly(vinylphosphonate)s, poly(2-isopropenyl-2-oxazoline) and other 

polymers which are not accessible by other coordination polymerizations. These 

investigations should include the development of a deeper understanding of the correlation 

between catalyst and monomer structure and the stereospecifity of the polymerization as it has 
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been previously shown for a variety of (meth)acrylic monomers, particularly comprising an 

evaluation of the effects that occur for the change from a planar (e.g. MMA) to a tetrahedral 

(e.g. DAVP) monomer structure. The use of CS- and C1-symmetric complexes, in 

combination with theoretical investigations, would further allow a verification whether the 

rate determining step of the propagation proceeds via a front- or back-side attack of the 

incoming monomer (or via both pathways). According to their rigidity, ansa-rare earth 

metallocenes are the catalysts of choice for a detailed investigation on the influence of the 

catalyst ligand sphere on REM-GTP of the newly employed monomer classes. A variety of 

target catalyst structures with different symmetry and steric crowding is summarized in 

Figure 12.3. 

 

 

Figure 12.3: Rare earth metallocene complexes with different symmetry and steric crowding for a 

detailed investigation on the influence of the catalyst ligand sphere on REM-GTP of the newly 

employed monomer classes. 

 

 



 

232 

 

 

 

 

 

 

 

 

 

 

 

 



 

233 

 

 

 

 

 

 

CHAPTER 13: 

 

ZUSAMMENFASSUNG UND AUSBLICK  

 

 

 

 

 

 

 

 

 

 

 

 

 “Der Zweck der Bildung ist einen leeren Geist durch einem offenen zu ersetzen.” 
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Der Bedarf nach neuen Materialien mit maßgeschneiderten Eigenschaften stellte im Verlauf 

der letzten Jahrzehnte eine der maßgebenden Triebkräfte in der Polymerforschung dar. Die 

koordinative Polymerisation von funktionalen Monomeren ermöglicht die präzise Einstellung 

von Polymerstruktur und Materialeigenschaften und bietet daher einen viel versprechenden 

Ansatz zur Herstellung solcher funktionaler Materialien. Organo-Seltenerdmetallkatalysatoren 

eignen sich besonders für die Synthese hochwertiger Kunststoffe, da sie die Polymerisation 

einer Vielzahl an Monomeren unter Ablauf verschiedener Mechanismen induzieren. Die 

Seltenerdmetall-mediierte Gruppentransferpolymerisation (REM-GTP) von polar-modifi-

zierten Olefinen kombiniert die Vorteile lebender ionischer und koordinativer 

Polymerisationen. Aufgrund der Beschränkung der Anwendbarkeit auf (Meth)Acrylate hat 

das Interesse an der REM-GTP innerhalb des letzten Jahrzehnts kontinuierlich abgenommen. 

Neuere Veröffentlichungen zeigten jedoch die Eignung der REM-GTP für die Polymerisation 

weiterer Monomerklassen. Dies sind im Besonderen die Poly(vinylphosphonat)e, eine 

Materialklasse, die nur unzureichend über andere Polymerisationsmethoden zugänglich ist.  

Inspiriert durch diese jüngsten Ergebnisse war es das zentrale Ziel dieser Arbeit, durch eine 

Erweiterung der REM-GTP auf Michael-Akzeptor Monomere mit funktionellen Gruppen, die 

noch nicht für eine REM-GTP untersucht wurden, die Bandbreite an zugänglichen 

funktionalen Materialien zu erweitern. Voruntersuchungen der Seltenerdmetall-mediierten 

Polymerisation von Vinylphosphonaten zeigten den lebenden Charakter der Polymerisation 

und weisen auf das Vorliegen eines GTP-Mechanismus hin, andere Charakteristika der REM-

GTP zeigten sich jedoch bei ihrer Anwendung auf Vinylphosphonate stark verändert. Um die 

effiziente Nutzung der REM-GTP für ein breiteres Spektrum an Monomeren zu etablieren, ist 

es nötig, ein tieferes Verständnis der zugrunde liegenden Initiations- und Propagations-

mechanismen zu entwickeln. Es war daher ein wichtiges Ziel dieser Arbeit, mit Hilfe 

detaillierter mechanistischer Studien die Ursachen für unerwartetes Polymerisationsverhalten 

zu ermitteln und somit eine Vorhersage des Polymerisationsverhaltens anderer Monomere zu 

ermöglichen. Traditionell verwendete stark basische Carbanion-Initiatoren, z.B. Methyl-

komplexe, führen zu einer ineffizienten Initiation der REM-GTP von Vinylphosphonaten. 

Entsprechend ist eine verlässliche kinetische Analyse durch eine sehr schnelle Propagation in 

Kombination mit einer vergleichsweise langsamen Initiation gehindert. Diesbezüglich waren 

die Synthese von Katalysatoren, die eine geringere Aktivität bei höherer Initiationsrate 

aufweisen, sowie die Entwicklung eines (differentiellen) Ansatzes zur kinetischen Analyse 

von lebenden Polymerisationen mit vergleichbaren Initiations- und Propagationsraten weitere 

Ziele dieser Arbeit. 
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Eine zentrale Weiterentwicklung der REM-GTP von Vinylphosphonaten ist die Verwendung 

von Tris(cyclopentadienyl) Seltenerdmetallkomplexen (Cp3Ln). Diese trivalenten Cyclo-

pentadienylkomplexe sind synthetisch einfach über eine einstufige Reaktion zugänglich und 

haben sich, im Falle der späten Lanthanide, als effiziente Initiatoren und hochaktive Katalysa-

toren für die REM-GTP von verschiedenen Dialkylvinylphosphonaten erwiesen, wobei selbst 

bei höheren Temperaturen (30-70 °C) Polymere mit geringer Polydispersität und definiertem 

Molekulargewicht erhalten werden. Die Initiation durch diese eher ungewöhnlichen 

Katalysatoren erfolgt hierbei durch nukleophilen Übertrag eines Cyclopentadienylliganden 

auf ein koordiniertes Monomer (Schema 13.1). Für die Reihe der Cp3Ln Komplexe konnte 

darüber hinaus erstmals ein detaillierter Zusammenhang zwischen Effizienz und Aktivität der 

verwendeten Komplexe für die Polymerisation von Vinylphosphonaten und dem Radius des 

Seltenerdmetallzentrums beobachtet werden. Hierbei gilt, je kleiner das Zentralmetall, desto 

höher sind die Initiatoreffektivität und die normalisierte Aktivität der Komplexe. 

 

.  

Schema 13.1: Initiation der Cp3Ln-initiierten REM-GTP von Vinylphosphonaten. 

 

Um ein tieferes Verständnis von Initiation und Propagation der REM-GTP von 

Vinylphosphonaten zu entwickeln, wurden verschiedene trivalente Bis(cyclopentadienyl) 

Seltenerdmetallkomplexe (Cp2LnX) synthetisiert und bezüglich der Polymerisation von 

Vinylphosphonaten getestet. ESI-MS Analyse erzeugter Oligomere und in situ NMR 

Spektroskopie der Phosphonat-Koordination am Seltenerdmetallzentrum haben ein 

komplexes Reaktionsnetzwerk für die Initiation von Vinylphosphonat-REM-GTP aufgedeckt 

(Schema 13.2). In Abhängigkeit von X kann die Initiation über Abstraktion des aciden α-CH 

des Vinylphosphonats (z.B. für X = Me, CH2TMS), über nukleophilen Transfer von X auf ein 

koordiniertes Monomer (z.B. für X = Cp, SR) oder über einen Monomer- (Donor-)induzierten 

Ligandenaustausch unter Bildung von Cp3Ln im Gleichgewicht erfolgen. Im letzteren Fall 

fungiert Cp3Ln als aktive initiierende und katalytische Spezies. Einkristallröntgenstruktur-

analyse von Phosphonat-Addukten der Seltenerdmetallkomplexe bestätigte das postulierte 

Reaktionsnetzwerk und eine Vinylphosphonat-Koordination am aktiven Zentrum über den 

Sauerstoff der Phosphonatgruppe.  
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Schema 13.2: Initiation der GTP von Vinylphosphonaten durch unverbrückte Seltenerdmetallocene 

(Cp2LnX) via Deprotonierung des aciden α-CH, nukleophilen Transfer von X oder via einen 

Monomer-induzierten Ligandenaustausch unter Bildung von Cp3Ln(DAVP). 

 

Im Falle ideal lebender Polymerisationen, d.h. lebender Polymerisationen mit erheblich 

schnellerer Initiation- als Propagationsrate, wird die Initiatoreffektivität I* nur durch eine 

anfängliche Initiatordeaktivierung bestimmt und bleibt daher im Verlauf der Polymerisation 

unverändert. Die REM-GTP von Vinylphosphonaten verläuft außerordentlich schnell und ist 

daher primär durch eine ineffiziente Initiation limitiert. Daher nimmt I* im Verlauf der 

Polymerisation merklich zu (Abbildung 13.1). 

 

 

Abbildung 13.1: Umsatz-Reaktionszeit-Diagramm für die Polymerisation von DEVP, Änderung von 

I*t im Verlauf der Reaktion und entsprechende normierte TOFs (8.6 mg [Cp2Y(StBu)]2, 7.5vol% 

DEVP in Toluol (20 mL), 30 °C). 
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Eine zeitaufgelöste Analyse des Monomerumsatzes und des Molekulargewichts der 

gebildeten Polymere erlaubt die Bestimmung der Initiatoreffektivität während des gesamten 

Verlaufs der Reaktion. Mithilfe dieser Normierung konnte gezeigt werden, dass die REM-

GTP von Vinylphosphonaten einem monometallischen, von Yasuda vorgeschlagenen 

Mechanismus folgt, mit einem SN2-artigen assoziativen Austausch des Polymer-Phosphonat-

Esters durch ein Monomer als geschwindigkeitsbestimmender Schritt (RDS). Über-

raschenderweise wird die Aktivierungsentropie �S‡ des RDS stark durch den Metallradius 

und die Größe des Monomers beeinflusst, wohingegen diese Parameter nur einen 

geringfügigen Einfluss auf die Aktivierungsenthalpy �H‡ aufweisen. Folglich wird die 

Propagationsrate der REM-GTP von Vinylphosphonaten hauptsächlich durch die Änderung 

von Rotations- und Vibrationsfreiheitsgraden innerhalb des achtgliedrigen Metallazyklus im 

RDS bestimmt. Dieses Ergebnis steht im Gegensatz zu vorangehenden Untersuchungen der 

REM-GTP von (Meth)Acrylaten und erklärt die beobachtete gegensätzliche Korrelation 

zwischen Katalysatoraktivität und Metallradius. Da die Aktivierungsentropie einen derart 

großen Einfluss auf die Propagation der koordinativ-anionischen Polymerisation aufweisen 

kann, sollte sie in zukünftigen mechanistischen Studien ausführlicher berücksichtigt werden. 

Da der sterische Anspruch des addierten Monomers (im Gegensatz zum sterischen Anspruch 

des wachsenden Kettenendes) nur einen geringfügigen Einfluss auf die Propagationsrate 

aufweist (d.h. Copolymerisationparameter für Vinylphosphonat-Copolymerisation wurden zu 

r1, r2 ~ 1 bestimmt), ist es sehr wahrscheinlich, dass der assoziative Austausch über zwei 

Übergangszustände und ein pentakoordiniertes Intermediat verläuft (Schema 13.3). 

 

 

Schema 13.3: Elementarschritte der REM-GTP von Vinylphosphonaten. Der geschwindigkeits-

bestimmende Schritt ist ein SN2-artiger assoziativer Austausch des Polymer-Phosphonat-Esters 

durch ein Vinylphosphonat-Monomer über ein pentakoordiniertes Intermediat. 
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Im Rahmen dieser Arbeit konnte das erste Beispiel einer Seltenerdmetall-mediierten 

Oberflächen-initiierten Gruppentransferpolymerisation (SI-GTP) entwickelt werden. Diese 

experimentell einfache Methode erlaubt ein schnelles Grafting von Polymerbürsten mit einer 

Dicke von mehr als 150 nm in weniger als 5 Minuten bei Raumtemperatur. Auf Basis der 

bereits veröffentlichten konsekutiven Polymerisation von MMA und DEVP wurde hierzu 

Bis(cyclopentadienyl)methyl Ytterbium mit Oberflächen-gebunden Methacrylat-Einheiten 

unter Bildung von hocheffizienten Enolat-Initiatoren für die folgende SI-GTP umgesetzt 

(Schema 13.4a). Um eine Topopolymerisation der Katalysatorbindestellen und eine damit 

verbundene geringe Katalysatorbeladung mit folgender inhomogener Schichtbildung zu 

vermeiden (Schema 13.4b), wurde eine Bindeschicht mit eingebetteten, aber isolierten 

Methacrylat-Einheiten verwendet (Schema 13.4c). SI-GTP stellt eine leistungsfähige Methode 

zur Herstellung von gewöhnlichen Poly(methacrylat)- sowie neuartigen thermosensitiven 

Poly(diethylvinylphosphonat)- und protonenleitenden Poly(vinylphosphonsäure)-Bürsten dar. 

 

 

Schema 13.4: a) Bildung von Enolat-Initiatoren während der Katalysatorimpregnierung durch 

Reaktion von Cp2YbMe mit Oberflächen-gebundenen Methacrylaten und anschließende Initiation 

der SI-GTP; b) Topopolymerisation der Katalysatorbindestellen führt zu einer inhomogenen 

Beschichtung durch SI-GTP; c) ein quervernetztes PEGDM Netzwerk mit eingebetteten, aber 

isolierten Methacrylat-Einheiten führt zu einer hohen Katalysatorbeladung und somit zu einer 

effizienten SI-GTP. 
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Die Verwendung hocheffizienter Enolat-Initiatoren ist essentiell um ein homogenes 

Polymerbürstenwachstum durch SI-GTP zu gewährleisten. Wohingegen die Reaktion mit 

eingebetteten, aber isolierten Methacrylat-Einheiten einen eleganten Ansatz für die Synthese 

von Enolat-Initiatoren auf Oberflächen darstellt, gibt es keine zufrieden stellende Synthese-

vorschrift für die Herstellung von Seltenerdmetallenolaten in Lösung. Im Rahmen dieser 

Arbeit konnte gezeigt werden, dass eine C–H-Bindungsaktivierung durch Protonolyse 

klassischer α-CH-acider Substrate keine erfolgreiche Alternative zu den wenig geeigneten, 

etablierten Syntheserouten bietet. Ein weiterer Ansatz zur Entwicklung hocheffizienter 

Initiatoren ist die Verwendung substituierter, enorm sterisch überfrachteter Tris(cyclopenta-

dienyl) Seltenerdmetallkomplexe (CpR
3Ln, Abbildung 13.2). Es ist anzunehmen, dass die im 

Vergleich zu unsubstituiertem Cp3Ln größere sterische Überfrachtung eine stärkere 

Destabilisierung des CpR
3Ln(Mon) Intermediats und, gemäß der mechanistischen 

Untersuchung zur Propagationsreaktion der Vinylphosphonate, die damit verbundene größere 

sterische Überfrachtung des aktiven Zentrums auch eine Erhöhung der Propagationsrate 

hervorruft. Tatsächlich zeigten erste Untersuchungen der Vinylphosphonat-Polymerisation 

mit Tris(methylcyclopentadienyl)yttrium (CpMe
3Y) eine höhere Aktivität und eine drastische 

Erhöhung der Initiatoreffektivität im Vergleich zu Cp3Y. Bislang war die effiziente Nutzung 

von Tris(cyclopentadienyl) Seltenerdmetallkomplexen auf die Polymerisation von Vinyl-

phosphonaten beschränkt; die größere sterische Überfrachtung der CpR
3Ln-Komplexe könnte 

jedoch auch die effiziente Initiation sterisch weniger anspruchsvoller Monomere ermöglichen. 

Demgemäß ist die Weiterentwicklung dieser Initiatoren ein viel versprechender Ansatz zur 

Katalysatoroptimierung und sollte in zukünftigen Arbeiten berücksichtigt werden. 

 

 

Abbildung 13.2: Optimierung von Tris(cyclopentadienyl) Seltenerdmetallinitiatoren durch Erhöhung 

der sterischen Überfrachtung mittels Verwendung substituierter Cyclopentadienylliganden (R, R1, 

R2 = Me, TMS). 

 

Wie bereits näher erläutert führt die Verwendung herkömmlicher stark basischer Methyl- und 

CH2TMS-Initiatoren zu einer langsamen, ineffizienten Initiation der Polymerisation von 

Vinylphosphonaten durch Deprotonierung des aciden α-CH. Sterisch überfrachtete Cp3Ln 

sowie Thiolato-Komplexe [Cp2Ln(StBu)]2 führen zu einer effizienten Initiation der REM-
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GTP von DAVP, die Weiterentwicklung von Cp3Ln-Komplexen ist jedoch stark 

eingeschränkt und für Thiolato-Endgruppen wurde häufig eine Eliminierung beobachtet. 

Darüber hinaus sind diese Komplexe nicht für die Polymerisation sterisch weniger 

anspruchsvoller oder schwächer koordinierender Monomere, wie z.B. IPOx oder 2VP, 

geeignet. Dementsprechend ist die Entwicklung neuartiger Initiatoren für die REM-GTP, die 

eine effiziente Initiation für ein breites Spektrum an Monomern ermöglichen und zu einer 

stabilen Endgruppenfunktionalisierung über C–C-Bindungen führen, weiterhin von großem 

Interesse. Im Gegensatz zur C–H-Bindungsaktivierung durch Protonolyse klassischer α-CH-

acider Substrate konnte gezeigt werden, dass eine C–H-Bindungsaktivierung nicht-klassischer 

CH-acider Substrate durch σ-Bindungsmetathese eine vielseitige Methode zur Herstellung 

hocheffizienter und vielseitiger Initiatoren für die REM-GTP einer Vielzahl an Michael-

Akzeptor Monomeren darstellt. Die Weiterentwicklung dieser Syntheseroute und die 

Evaluierung der resultierenden REM-GTP-Initiatoren sind von großer Bedeutung für die 

Erweiterung der REM-GTP auf neue Monomere. 

Im Rahmen dieser Arbeit konnte erstmals über die einfache und effiziente REM-GTP des 

vielseitigen bifunktionalen Monomers 2-Isopropenyl-2-oxazolin (IPOx) berichtet werden, 

wobei hochmolekulares PIPOx mit extrem geringer Polydispersität (PDI < 1.05) erhalten 

wurde. Darüber hinaus ist REM-GTP von 2-Vinylpyridine (2VP) eine geeignete Methode zur 

Bildung von P2VP mit definierter Molmasse und schmaler Molekulargewichtsverteilung. Die 

Polymerisation von IPOx und 2VP stellt eines der ersten Beispiele für eine REM-GTP über 

N-Koordination zum Seltenerdmetall dar. Des Weiteren konnte die Eignung von REM-GTP 

zur Polymerisation von Acrylamiden und Nitroethylen gezeigt werden. Copolymerisations-

experimente ergaben eine Reihenfolge für die Reaktivität dieser neuartigen sowie etablierter 

Comonomere gemäß DEVP ~ DMAA >> MA > MMA >> IPOx >> 2VP (Schema 13.5), was 

auf die relative Koordinationsstärke der Monomere zum Seltenerdmetall zurückgeführt 

werden kann (die relative Koordinationsstärke von Nitroethylen wurde noch nicht ermittelt). 

Eine konsekutive Polymerisation verschiedener Monomere ist hierbei nur in der Reihenfolge 

zunehmender Koordinationsstärke möglich und auf Comonomere mit vergleichbarer Polarität 

limitiert. 

 

 

Schema 13.5: Reaktivitätsreihenfolge von Michael-Akzeptor Monomeren für REM-GTP. 
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Ein Spektrum an Monomerklassen mit funktionellen Gruppen, die noch nicht für eine REM-

GTP getestet wurden, insbesondere Heteroatom-zentrierte Funktionalitäten, z.B. Phosphin-

oxid, Sulfoxid, Sulfon oder Sulfonat, sowie einige heteroaromatische Monomere, wurden im 

Rahmen dieser Arbeit vorgestellt. Ein allgemeiner konzeptioneller Ansatz zur Verifikation 

der Polymerisierbarkeit dieser Monomere durch REM-GTP wurde veranschaulicht und soll 

zur Entwicklung eines tieferen Verständnisses der Vorraussetzungen, die ein Monomer für 

eine Eignung zur REM-GTP aufweisen muss, beitragen. 

Eine detaillierte Untersuchung der Thermosensitivität von wässrigen PDEVP-Lösungen 

zeigte das Auftreten eines coil-globule transition Mechanismus und die Möglichkeit zur 

Feineinstellung des LCST durch statistische Copolymerisation von DEVP mit hydrophileren 

und hydrophoberen DAVP. Die erhaltenen co-PDAVP zeigten thermosensitives Verhalten, 

das in einem breiten Rahmen durch Einstellung des Feedverhältnisses der Comonomere 

eingestellt werden konnte. Der beobachtete scharfe und reversible Phasenübergang, die 

geringe Abhängigkeit der Thermosensitivität von Additiven und Konzentration sowie die 

Biokompatibilität machen PDAVP zu einer viel versprechenden Alternative im Vergleich zu 

etablierten thermosensitiven Polymeren. Darüber hinaus konnte gezeigt werden, dass die 

Thermosensitivität von PDEVP auch bei kovalenter Anbindung an eine Oberfläche erhalten 

bleibt, wodurch SI-GTP einen einfachen Zugang zu thermosensitiven Beschichtungen 

ermöglicht. 

Um das durch REM-GTP zugängliche Spektrum an funktionalen Materialien weiter zu 

vergrößern, wurden polymeranaloge Umsetzungen der neu eingeführten Funktionalitäten 

evaluiert. So konnte eine Umsetzung von Poly(vinylphosphonat)en zu Poly(vinylphosphon-

säure) sowohl durch milde Hydrolyse sowie durch thermische Behandlung ermöglicht 

werden, wobei die letztere eine wirtschaftliche und saubere Methode ohne die Verwendung 

von Lösungsmitteln oder Reagenzien darstellt. Die Synthese von PVPA durch milde 

Hydrolyse konnte auch für Oberflächen-gebundenes PDAVP ohne Abspaltung der 

Beschichtung angewendet werden und gibt somit einen einfachen Zugang zu 

protonenleitenden Polymerbeschichtungen. Als weitere polymeranaloge Umsetzung konnten 

durch lebende kationische Ringöffnungspolymerisation (LCROP) von 2-Ethyl-2-oxazolin auf 

einem PIPOx-Rückgrat definierte molekulare Bürsten erhalten werden. Die Kombination von 

REM-GTP und LCROP stellt das erste Beispiel für die Synthese von molekularen Poly(2-

oxazolin)bürsten mit enger Molekulargewichtsverteilung der Seitenketten und des 

Polymerrückgrades dar. Die Evaluierung weiterer polymeranaloger Umsetzungen, z.B. die 
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Reduktion von Phosphinoxiden zu Phosphinen oder von Nitro- zu Aminofunktionen, ist noch 

durchzuführen.  

Einer der zentralen Vorteile der REM-GTP ist die Möglichkeit der Einführung einer 

stereokontrollierten Polymerisation durch Variation der Ligandensphäre des Katalysators. 

Diese Arbeit beschäftigte sich jedoch vornehmlich mit der Variation des Metallzentrums und 

des initiierenden Liganden um sowohl die Initiatoreffektivität und die Aktivität der Komplexe 

zu optimieren sowie um ein tieferes mechanistisches Verständnis der REM-GTP zu 

entwickeln. Nichtsdestotrotz ist die Evaluierung der Variation der Ligandensphäre des aktiven 

Zentrums weiterhin von großem Interesse, da dies erstmals den Zugang zu hoch 

stereoregularen Poly(vinylphosphonat)en, Poly(2-isopropenyl-2-oxazolin) sowie weiteren 

Polymeren, die nicht durch andere koordinative Polymerisationen zugänglich sind, 

ermöglicht. Diese Untersuchungen sollten die Entwicklung eines tieferen Verständnisses der 

Korrelation zwischen Monomer- und Katalysatorstruktur und der Stereospezifität der 

Polymerisation beinhalten, so wie dies bereits für einige (Meth)Acrylate gezeigt wurde. 

Insbesondere sollte dabei eine Evaluierung der Effekte, die durch den Wechsel von einer 

planaren (z.B. MMA) zu einer tetraedrischen (z.B. DAVP) Monomerstruktur entstehen, 

erfolgen. Die Verwendung CS- und C1-symmetrischer Komplexe sollte in Kombination mit 

theoretischen Berechnungen herangezogen werden, um festzustellen, ob der geschwindig-

keitsbestimmende Schritt der Propagation über einen Front- oder Rückseitenangriff des 

Monomers erfolgt (oder über beide Reaktionswege). Entsprechend ihrer Rigidität sind ansa-

Seltenerdmetallocene die Katalysatoren der Wahl für eine detailierte Untersuchung des 

Einflusses der Ligandensphäre des Katalysators auf die REM-GTP der neu verwendeten 

Monomerklassen. Eine Auswahl an Katalysator-Zielstrukturen mit unterschiedlicher 

Symmetrie und sterischer Überfrachtung ist in Abbildung 13.3 zusammengefasst. 
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Abbildung 13.3: Seltenerdmetallocene mit unterschiedlicher Symmetrie und sterischer 

Überfrachtung für eine detaillierte Untersuchung des Einflusses der Ligandensphäre des 

Katalysators auf die REM-GTP der neu verwendeten Monomerklassen. 
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APPENDIX 

 

 

 

 

 

(Title: The Chemist) 

 

 

 “A Chemist is a person who develops a general theory from a string of diverse formulae 

derived from micromatic precision from vague assumptions based on debatable tables of 

results extracted from inconclusive experiments carried out with inaccurate equipment of 

doubtful reliability and questionably mentality.” 

 
- W. Brostow, 1979 
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Abstract: 

Recent studies have shown that diethyl vinylphosphonate can be converted to high molecular 

weight polymers by rare earth metal-initiated Group Transfer Polymerization. Here we 

present a further development of the catalytic species, rare earth metal-based 

tricyclopentadienyl complexes (Cp3Ln, Ln = Gd – Lu), which have been used to polymerize 

different dialkyl vinylphosphonates (alkyl: methyl, ethyl, isopropyl) in toluene. Additionally 

the thermosensitive behavior of the obtained polymers was characterized. A series of 

independently performed reactions showed high activities and initiator efficiencies for these 

complexes for the homopolymerization of the applied monomers. Polymeric materials of high 

molecular weight with a previously unknown low polydispersity index (PD < 1.05) have been 

determined by GPC-MALS (Multi Angle Light Scattering) methods. The reaction shows a 

linear MW vs. consumption plot, proving a living type polymerization. The initiation of the 

reaction has been investigated by end-group analysis with different mass spectrometric 

analytical methods such as MALDI-TOF and ESI. A new and interesting chain end 

functionalization of the achieved polymer chains has been detected over the course of the 

mass spectrometric analytical studies. The so far unreported LCST (Lower Critical Solution 

Temperature) of polyvinylphosphonate in water has been evaluated and the correlation 

between the molecular weight of the material with this temperature has been determined. 
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Group Transfer Polymerization of Vinylphosphonates 

 

Type:    Presentation 

Conference:   ACS National Meeting 2012, San Diego 

Authors:   Stephan Salzinger, Bernhard Rieger 

   

   

Abstract: 

Recent studies have shown that poly(vinylphosphonate)s are readily accessible by rare earth 

metal-mediated Group Transfer Polymerization (GTP). Late lanthanide metallocenes proved 

to be efficient initiators and highly active catalysts for vinylphosphonate polymerization 

yielding polymers of precise molecular weight and low polydispersity. Despite the proof of a 

living polymerization mechanism, an exact understanding of both initiation and propagation 

of rare earth metal-mediated GTP of vinylphosphonates is still lacking.  

Within our latest studies we observed a complex reaction pathway for the initiation with 

unbridged rare earth metallocenes (Cp2LnX, X = Cp, Cl, Me, NR2, OR, SR). Depending on 

the nature of X, initiation can either proceed via deprotonation of the acidic α-CH of the 

vinylphosphonate (e.g. for X = Me, NR2), via nucleophilic transfer of X to a coordinated 

monomer (e.g. for X = Cp, SR) or via a monomer- (i.e. donor) induced ligand exchange 

reaction forming Cp3Ln in equilibrium (e.g. for X = Cl, OR), which serves as the active 

initiating and catalytic species. As observed by mass spectrometric end group analysis, 

different initiations may also occur simultaneously (e.g. for X = N(SiMe2H)2). These findings 

could be confirmed by 1H and 31P NMR spectroscopic measurements of phosphonate 

coordination at the corresponding Lu and Y centers, and are further supported by kinetic 

investigations as well as by X-ray crystallography.  

For a better understanding of the chain propagation, kinetic 31P NMR spectroscopic studies 

were carried out, which were significantly complicated by three factors; the relatively slow 

initiation step (in comparison to the rate of chain growth), the high viscosity of the 

polymerization reaction mixture and the moisture sensitivity of the rare earth catalysts. 

However, it could be proven that propagation proceeds in a monometallic fashion and the rate 

determining step of chain growth could be identified. 
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Authors:   Stephan Salzinger, Stephan Huber, Sebastian Jaksch,  

Peter Busch, Rainer Jordan, Christine M. Papadakis 

 

   

Abstract: 

We have studied different thermo-responsive poly(2-oxazoline)s with iso-propyl (iPrOx) and 

n-propyl (nPrOx) pendant groups in aqueous solutions,where they exhibit lower critical 

solution temperature behavior. This paper focuses on the effect of the degree of 

polymerization, n, the concentration, c, in the dilute regime, and the presence of hydrophobic 

moieties. The cloud points were investigated as a function of the degree of polymerization, n, 

and of the polymer concentration, c. The aggregation behavior near the cloud point was 

studied by temperature-resolved small-angle neutron scattering and fluorescence correlation 

spectroscopy, i.e., a combination of ensemble and single molecule methods. We found that at 

the cloud points, large aggregates are formed and that the cloud points depend strongly on 

both, n and c. Diblock copolymers from iPrOx and nPrOx form large aggregates already at 

the cloud point of PnPrOx, and, unexpectedly, no micelles are observed between the cloud 

points of the two blocks. Gradient copolymers from iPrOx and n-nonyl-2-oxazoline (NOx) 

display a complex aggregation behavior resulting from the interplay between intra- and 

intermolecular association mediated by the hydrophobic NOx blocks. Above the cloud point, 

an intermediate temperature regime with a width of a few Kelvin was found with small but 

stable polymer aggregates. Only at higher temperatures, larger aggregates are found in 

significant number. 
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    Jürgen Stohrer, Tobias Halbach, Rainer Jordan,  

Jonathan G. C. Veinot, Bernhard Rieger 

 

   

Abstract: 

Photoacid-induced siloxane cross-linking of stimuliresponsive copolymer micelles allows the 

synthesis of well-defined organic−inorganic hybrid nanoparticles. Two conceptually different 

synthetic approaches are presented, both via photoinduced crosslinking of poly(4-

hydroxystyrene-block-styrene) micelles and via one-pot photoacid-catalyzed micelle 

formation and siloxane cross-linking of poly(4-tert-butoxystyrene-block-styrene). The 

multistep synthetic route showed intermicellar cross-linking leading to agglomerates. In 

contrast to this, the formation of the nanoparticles via the one-pot synthesis yielded well-

defined structures. The use of different siloxane crosslinking agents and their effects on the 

properties of the cross-linked micellar structures have been evaluated. Scanning electron 

microscopy and differential scanning calorimetry indicate rigid core cross-linked 

nanoparticles. Their size, molar mass, and swelling behavior were analyzed by dynamic and 

static light scattering. Cyclic siloxane cross-linking agents lead to residual C=C double bonds 

within the nanoparticle core that allow postsynthetic modification by, e.g., thiol−ene click 

reactions. 
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Abstract: 

Cyclic γ-amino acids are molecular building blocks of great interest in peptide and foldamer 

chemistry, as they allow the preparation of new structures that are not found in Nature. In this 

paper, we describe the synthesis of cyclic γ-amino acids that have a cis relationship between 

the amino and the carboxylic acid groups. This arrangement, in most cases, induces the 

resulting peptides to adopt a flat conformation, which makes them appropriate for the design 

of foldamers that adopt β-sheet-type structures. 

 

 

 

 

 


