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Poly(vinylidene fluoride) (PVDF) is nowadays the second largest fluoropolymer in 

demand in terms of production volume. The popularity of this thermoplastic 

polymer can be ascribed to its remarkable properties, like high thermal 

resistance, excellent chemical inertness and its ferroelectric behavior. 

Copolymerization of vinylidene fluoride with other monomers leads to a wide 

variety of products with modified or even improved properties. Apart from 

commercially available fluorinated random copolymers, well-defined block-, 

graft- and alternating copolymers based on PVDF received significant attention. 

PVDF-based block copolymers which can self-assemble into well-ordered 

morphologies are of particular interest, as potential precursors for functional 

nanostructured materials with extraordinary properties. Hence, the scope of this 

thesis is to explore the synthesis and self-assembly of block copolymers 

containing PVDF segments, and to investigate the use of those block copolymers 

as precursors for nanostructured ferroelectric and multiferroic materials. 

 

Parts of this chapter were published in:  

J. Polym. Sci. Part A: Polym. Chem. 2014, 52, 2861.    
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1.1 Fluorinated polymers 

Although the use of fluorine in organic and inorganic chemistry already dates from 

the seventeenth century, the development of fluorinated polymers[1-5] is more 

recent. In the late 1930s poly(chlorotrifluoroethylene) (PCTFE) was successfully 

prepared by Schloffer and Scherer, followed by Plunkett’s discovery of high-

molecular weight poly(tetrafluoroethylene) (PTFE), nowadays well-known as 

Teflon. In the next decades, this first generation of fluorinated homopolymers was 

extended with poly(vinylfluoride) (PVF), poly(trifluoroethylene) (PTrFE) and 

poly(vinylidene fluoride) (PVDF).  

Fluoropolymers have attracted wide attention both in industry and academics, due 

to their outstanding thermal, physical and chemical stability.[2] They exhibit 

excellent inertness to chemicals, strong weather resistance, superior oil and water 

repellence and low flammability. Due to the extraordinary properties of this 

special class of polymers, fluoroplastics are nowadays applied in the production of 

paints and coatings, batteries, (fuel cell) membranes, microelectronics and O-rings 

for use in extreme temperatures.  

Poly(vinylidene fluoride), having the second largest production volume of 

fluoroplastics after PTFE, is an exceptional member of the fluoropolymer family. 

Besides its high thermal resistance and chemical inertness, PVDF demonstrates 

piezo-, pyro- and ferroelectric properties (described in detail in next section).[6-10] 

Consequently, this polymer can be implemented in high tech applications, e.g. 

electronics and energy harvesting devices. However, a high melting temperature 

together with the poor solubility of PVDF in common organic solvents result in 

high processing costs. To overcome these drawbacks (which can be described as 

advantages in terms of thermal and chemical stability), various fluorinated 

copolymers based on VDF have been manufactured during the last decades.[11] In 

recent years, well-architectured PVDF-containing copolymers like block-, graft- and 

alternating copolymers received more attention, and their preparation strategies 

were discussed by some excellent reviews.[3-5,11] 
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Figure 1.1 Pictures of a high pressure reactor set-up typically used for the radical 

polymerization of gaseous fluoromonomers like vinylidene fluoride. 
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1.2 Poly(vinylidene fluoride) 

1.2.1 Synthesis of PVDF 

Homopolymerization of vinylidene fluoride (VDF) can be performed via radical 

initiation. Since VDF is a gaseous monomer, having a melting and boiling 

temperature of -144 °C and -84 °C respectively, the radical polymerization usually 

takes place within a high pressure vessel (Figure 1.1).  

In industry, the reaction process is often performed in aqueous dispersions, i.e. 

emulsion or suspension, involving pressures of 10-300 bar and temperatures of 10-

130 °C, requiring fluorinated surfactants.[1,11] Alternatively, radical polymerization 

in solution, initiated by organic peroxides undergoing homolytic cleavage, has 

been investigated.[12] The use of functionalized benzoyl peroxides as initiators 

resulted in the synthesis of a library of telechelic fluoropolymers with well-defined 

end-groups.[13] Due to the absence of termination by disproportionation,[14] 

reasonably narrow polydispersities in the range of 1.2-1.6 can be achieved via this 

synthesis route. Radical VDF polymerization in supercritical carbon dioxide (CO2), 

yielding a clean dry polymer product after depressurization, was developed by 

DeSimone and co-workers.[15-16]   

The ratio between normal –CH2CF2–CH2CF2– (head-to-tail) and reversed –CH2CF2–

CF2CH2– (head-to-head) or –CF2CH2–CH2CF2– (tail-to-tail) structures, assessed in 

great detail by high resolution 19F and 1H NMR techniques,[17-18] is influenced by the 

selected polymerization procedure and conditions. For instance, emulsion 

polymerization gives rise to higher fractions of chain defects compared to 

suspension polymerization.[17] The melting behavior and crystallinity of PVDF is 

strongly influenced by the extent of head-to-head and tail-to-tail structures.[19-20] 

Consequently, such defects affect many properties of PVDF, e.g. the mechanical 

strength. A very low percentage of chain defects of 0.73% was achieved in VDF 

oligomers prepared via telomerization in the presence of iodotrifluoromethane.[21] 

Controlled radical polymerization of vinylidene fluoride has been achieved by 

iodine transfer polymerization (ITP), borane-mediated radical polymerization and 

macromolecular design via interchange of xanthates (MADIX). Daikin Company 

opened the route to ITP, by using fluorinated iodocompounds in a controlled 

process based on degenerative transfer.[22-23] Hence, ITP of vinylidene fluoride in 

the presence of C6F13I led to low polydispersities close to 1.2.[24-25] Interestingly, a 
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Mn2(CO)10 photomediated polymerization of vinylidene fluoride was invented, 

enabling ITP at mild temperatures in inexpensive glass tubes.[26] The same group 

also reported metal-free ITP of VDF initiated by photodecarboxylation of 

hypervalent iodide carboxylates.[27] In addition, VDF polymerization at room 

temperature has been achieved using a borane/oxygen radical initiator.[28-29] 

Recently, another degenerative chain transfer process involving dithiocarbonates 

(xanthates), referred to as MADIX,[30] has also been developed for the preparation 

of well-defined PVDF.[31-32]  

1.2.2 Properties of PVDF 

Among fluoropolymers PVDF exhibits remarkable physical and electrical 

characteristics that depend on the molecular weight (distribution), crystalline 

form, chain conformation and chain defects. For example, PVDF is inert to various 

solvents, acids and hydrocarbons and demonstrates high thermal resistance.[1,3] 

Furthermore, strong piezo-, pyro- and ferroelectric properties have been 

reported.[6-7,10] In piezoelectrics, coupling between mechanical and electrical 

properties results in an electric polarization when stress is applied, or deformation 

under an electric field. In addition, pyroelectric materials display a change of net 

polarization when the temperature is changed. In ferroelectrics, spontaneously 

generated electric polarization can be reversed by the application of an external 

electric field. All ferroelectric materials are both piezo- and pyroelectric.[33] 

Poly(vinylidene fluoride) can adopt different chain conformations, ultimately 

leading to several crystalline phases. This polymorphism is related to the slightly 

larger fluorine atoms with respect to the hydrogen atoms.[7] The two most 

common and stable conformations are depicted in Figure 1.2: i.e. all-trans and 

trans-gauche-trans-gauche (tg+
tg

–). The all-trans conformation has a strong dipole 

in the –CH2CF2– repeating units normal to the chain axis, as demonstrated by the 

projection parallel to the polymeric chain (Figure 1.2). The β-polymorph of PVDF, 

with a unit cell that consists of two all-trans chains packed with their dipoles 

pointing in the same direction, is highly polar. The tg+
tg

– conformation also has 

dipole moments. However, in the crystalline α-phase, dipoles are internally 

compensated due to antiparallel chain packing. Hence, the α-polymorph is non-

polar. The polar analog, called δ-phase, however, can be obtained by application 

of a short electrical pulse.[7,34] 
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Figure 1.2 Schematic representation of the two most common crystal polymorphs of PVDF: 

the α-phase with trans-gauche chain conformation (top) and the β-phase with all-trans 

chain conformation (bottom). Gray, white and red indicate carbon, hydrogen and fluorine 

atoms, respectively. The projection of the all-trans conformation parallel to the chain axis 

demonstrates the strong dipole in the –CH2CF2– repeating units along the polymeric chain, 

indicated by the white dipole arrow.  

    

The highly polar β-phase has demonstrated excellent ferroelectric activity. 

Although this crystalline form is the most thermodynamically stable one, the 

kinetically favorable α-phase is generally formed through crystallization from the 

melt. Therefore, several techniques have been developed to increase the β-

polymorph, including mechanical stretching of the α-phase,[7] solution casting from 

polar solvents[35], rapid thermal annealing below melting point[36] and 

incorporation of nanoclays.[37-38] Generally, electrical poling, i.e. applying an 

external electric field, is required to orient all dipoles macroscopically in the same 

direction.[39] The net polarization that remains is responsible for the ferroelectric 

behavior in PVDF. In contrast to ferroelectric ceramics, polymers can be easily 

processed into thin, flexible, light and tough sheets and molded shapes. Hence, 

PVDF and PVDF-based copolymers have been commercially applied in for example 

sensors, membranes and batteries.[40] 
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1.3 Block copolymers 

Block copolymers (BCPs), composed of two or more covalently linked polymer 

blocks, have the tendency to self-assemble on a scale related to the size of the 

copolymer chains (typically 10-100 nm). The unfavorable interactions between the 

chemically distinct blocks induce polymer chain stretching in order to minimize the 

interaction enthalpy, while the entropic elasticity resists this stretching in order to 

maximize the conformational entropy. This balance between enthalpy and entropy 

governs the microphase separation in block copolymer systems. The block 

copolymer phase behavior depends on the Flory-Huggins interaction parameter χ, 

the block copolymer chain length N and the block composition f. Hence, body 

centered cubically (BCC) packed spheres, hexagonally packed cylinders, 

bicontinuous gyroids and alternating lamellae are observed as equilibrium 

morphologies (Scheme 1.1).[41-46]  

 

 
Scheme 1.1 Schematic representation of the bulk morphologies observed in AB diblock 

copolymers as function of volume fraction of block A (fA).[47] 
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Scheme 1.2 Reaction scheme of (a) atom transfer radical polymerization (ATRP), (b) 

reversible addition-fragmentation chain transfer polymerization or macromolecular design 

via the interchange of xanthates (RAFT/MADIX), (c) iodine transfer polymerization (ITP) and 

(d) copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) click reaction. 

 

To enable self-assembly into ordered nanoscopic structures, the production of 

well-defined copolymers with predictable architectures and molecular weights and 

narrow molar mass distributions is crucial. In recent years, the outstanding 

contribution of controlled radical polymerization (CRP) techniques (Scheme 1.2a-c) 

as atom transfer radical polymerization (ATRP),[48-51] reversible addition-

fragmentation chain transfer polymerization or macromolecular design via the 

interchange of xanthates (RAFT/MADIX)[30,52-54] and iodine transfer polymerization 

(ITP) allowed the development of such materials. Additionally, click chemistry has 

also been employed extensively for the ligation of polymer fragments into well-

architectured macromolecules (Scheme 1.2d),[55-59] including fluorinated 

copolymers.[60] 

1.4 Well-defined copolymers containing PVDF 

Copolymerization is a powerful tool to modify the properties of PVDF, such as 

crystallinity, chemical reactivity and stability, solubility, processability, etc.
[11] 

Depending on the copolymer composition, products range from thermoplastic 

polymers like PVDF itself, to elastomers and thermoplastic elastomers. Nowadays, 
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several fluorinated copolymers are commercially manufactured, combining PVDF 

with other fluoropolymers, like hexafluoropropylene (HFP), 

chlorotrifluoroethylene (CTFE) and trifluoroethylene (TrFE).[3] P(VDF-r-TrFE) 

copolymers are popular due to their piezo- and ferroelectric properties and 

excellent processability.[9]  

Although most PVDF-containing copolymers are random copolymers, well-defined 

copolymers with block-, graft and alternating architectures gained attention in 

recent years.[3-5,11] Poly(vinylidene fluoride)-based block copolymers, with the 

ability to self-assemble into well-ordered morphologies, deserve particular 

interest, as precursors for novel functional nanostructured materials with 

extraordinary properties. However, preparation of such well-architectured 

copolymers remains a challenge, since fluoromonomers cannot be readily 

polymerized by living or controlled polymerization techniques such as sequential 

anionic polymerization or atom transfer radical polymerization.[50,61] Nevertheless, 

a few studies concerning the polymerization and self-assembly of well-defined 

fluorocopolymers with predictable architectures, molecular weights and molar 

mass distributions have been reported, and will be discussed below in detail. 

1.4.1 Preparation of PVDF-based block copolymers 

1.4.1.1 Via free radical polymerization 

The first reports on block copolymers containing PVDF segments consider the use 

of conventional radical polymerization techniques. In 1990, a peroxide initiated 

radical polymerization of VDF involving C-Br bond cleavage was developed, using 

bromine-terminated perfluoroether (PFPE-Br) as chain transfer agent.[62] Since this 

telogen agent contains a long chain sequence itself, the VDF telomerization 

resulted in PFPE-b-PVDF diblock copolymers having low molecular weights ranging 

from 2-6 kg·mol-1. The copolymers demonstrated two glass transitions (Tg), 

attributed to both blocks, and the Tg of PVDF was not dependent on the other 

block. Hence, the authors claim complete immiscibility of PFPE and PVDF. 

Using a similar strategy, Gelin and Ameduri[63] synthesized both PFPE-b-PVDF and 

PFPE-b-P(VDF-r-HFP) copolymers. Molecular weights up to 30 kg·mol-1 were 

achieved from the peroxide initiated radical telomerization of VDF (and HFP) in the 

presence of iodine-terminated PFPE as chain transfer agent. The fluorinated block 
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copolymers showed improved thermal stability and solubility in common organic 

solvents with respect to the perfluorinated PFPE block. Contrary to Moggi et al.,[62] 

only one glass transition was reported for all block copolymer samples. 

1.4.1.2 Via polycondensation 

The group of Holdcroft developed another approach towards PVDF-based block 

copolymers. They performed a polycondensation of dihydroxy-functionalized 

polysulfones (PSF) with telechelic Br-PVDF-Br, prepared by telomerization with 

dibromofluoroethane.[64] The resulting multiblock copolymers were composed of 

rigid PSF and flexible PVDF segments and possessed good thermal stability. Broad 

polydispersities around 2.0 were obtained, as expected for polycondensation 

reactions. Sulfonation of the polysulfone segments resulted in sulfonated 

polysulfone-block-poly(vinylidene fluoride) (SPSF-b-PVDF) copolymers, and their 

potential use in proton conducting polymer membranes for proton exchange 

membrane fuel cells was tested.[65] In comparison to sulfonated PSF 

homopolymers, the block copolymer membranes demonstrated enhanced proton 

conductivity for a low degree of sulfonation, while the water uptake was 

determined to be similar.  

1.4.1.3 Via controlled radical polymerization 

In order to realize more defined block copolymer architectures (in terms of 

molecular weight and polydispersity), controlled pathways have been explored.[4-5] 

Controlled radical polymerization techniques that rely on a reversible activation-

deactivation process between active and dormant species, like ATRP, RAFT/MADIX 

and ITP, were employed. 

In 1999, ATRP of styrene (S) from a bifunctional PVDF oligomer, prepared via 

telomerization of VDF with dibromofluoroethane,[66] was reported.[67] Although the 

kinetic plots demonstrate the controlled behavior of the polymerization, a 

relatively broad molecular weight distribution of 1.65 was achieved.  

A similar strategy was used to synthesize PVDF-b-PMMA and PMMA-b-PVDF-b-

PMMA, involving ATRP of methyl methacrylate (MMA) from iodine-terminated 

PVDF.[68] Unfortunately, the PVDF macroinitiators, prepared through ITP of VDF 

with C6F13I or IC6F12I, showed low initiator efficiency, indicated by bimodal peaks in 

the gel permeation chromatography (GPC) traces. 
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Figure 1.3 Evolution of Mn and Mw/Mn with monomer conversion in ATRP of styrene (St), 

methyl acrylate (MA) and methyl methacrylate (MMA), initiated by Cl3C-CH2CF2-H (VDF 

model initiator) and catalyzed by CuCl/Bipy. (Reprinted with permission from ref [69]. 

Copyright 2000 American Chemical Society.) 

 

An elegant study of Destarac et al.
[69] carefully examined the ATRP of various 

monomers (i.e. styrene, methyl acrylate (MA) and methyl methacrylate) initiated 

by trichloromethyl-terminated VDF telomers. Those initiators, resulting from 

telomerization of VDF with chloroform,[70] promoted fast initiation relative to 

propagation. Consequently, the molecular weights increased linearly with 

monomer conversion and narrow dispersities in the range of 1.1-1.2 were 

obtained at full conversion (Figure 1.3). Furthermore, the experimental molecular 

weights were in excellent agreement with the theoretically predicted values, and 

no residual VDF telomer could be detected in the GPC traces of the block 

copolymer products. Those observations clearly demonstrate the controlled 

nature of these polymerizations. However, the performed telomerization 

approach leads to low molecular weight PVDF telomers with a degree of 

polymerization (DPn) of 1-16. As a result, the well-defined block copolymers 

contain rather short PVDF segments, supposedly unable to phase segregate from 

the second block into ordered nanostructures. 
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Another synthetic approach, based on emulsion polymerization of 

fluoromonomers in the presence of chloroform and subsequent use of P(VDF-r-

HFP) as macroinitiator in ATRP of non-fluorinated vinyl monomers (Scheme 1.3), 

led to P(VDF-r-HFP)-b-PS and P(VDF-r-HFP)-b-PMMA copolymers with reasonably 

narrow polydispersities of 1.2-1.5.[71] The chain transfer emulsion polymerization 

of VDF and HFP gave rise to higher molecular weight fluoropolymer segments up 

to 24 kg·mol-1 with respect to the previously discussed approach. Consequently, 

the P(VDF-r-HFP)-b-PS block copolymers demonstrated a phase separated 

morphology in the solid state. Two distinct glass transitions were observed, 

associated with the segregated polymer domains. Sulfonation of the polystyrene 

domains was performed to different extents, and block copolymer films were 

solvent cast to yield proton exchange membranes with varying ion exchange 

capacity.[72] 

In addition, the synthesis of partially sulfonated PS-b-PVDF-b-PS triblock 

copolymers was described by Xu and co-workers.[73] Their strategy involved the 

preparation of telechelic Cl-PVDF-Cl followed by ATRP of styrene and partial 

sulfonation. The bifunctional PVDF macroinitiator, having an average molecular 

weight of 57 kg·mol-1, was synthesized through radical polymerization of VDF 

initiated by chloromethyl benzoyl peroxide.[13] The absence of disproportionation 

in termination leads to a well-defined chain-end-functionalized macroinitiator for 

ATRP. The authors claim that the relatively high molecular weight of the resulting 

block copolymers ensures essential mechanical properties for durable and ductile 

films. Hence, the triblock copolymers were cast to yield membranes, and the 

dependence of ion-exchange, water uptake and proton conductivity on the degree 

of sulfonation was investigated. 

To prepare rather exotic PVDF-containing block copolymers with ionic liquid (IL) 

segments, the group of Wang also employed RAFT polymerization with P(VDF-r-

HFP) bearing trithiocarbonate end-groups.[74] Telechelic P(VDF-r-HFP) with chlorine 

end-groups was reacted with mercapto propionic acid and carbon disulfide to 

afford the macro-chain transfer agent (Scheme 1.4) for subsequent RAFT 

polymerization of the methacrylate imidazolium monomer. This method provides 

facile incorporation of IL segments into fluoropolymers, and the resulting block 

copolymers may be applied as solid-sate electrolytes for electrochemical devices.  
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Scheme 1.3 Synthesis route towards P(VDF-r-HFP)-b-PS block copolymer: ATRP of styrene 

from P(VDF-r-HFP) macroinitiator, prepared via emulsion polymerization of VDF and HFP in 

the presence of chloroform.[71] 

 

 
Scheme 1.4 Preparation of chlorine-terminated P(VDF-r-HFP) and P(VDF-r-HFP) macro-

chain transfer agent.[74]
 

 

In recent years, RAFT/MADIX copolymerization for the controlled synthesis of 

PVDF-based block copolymers has been developed by the group of Ameduri. For 

example, sequential controlled radical polymerization of VDF and trifluoropropene 

(TFP) and vinyl acetate (VAc) in the presence of xanthates resulted in P(VDF-r-TFP)-

b-PVAc with a narrow polydispersity of 1.2.[75] Interestingly, the reverse synthesis, 

i.e. radical polymerization of VDF and TFP in the presence of PVAc-xanthate, was 

achieved as well. Both methods result in low molecular weight block copolymers 

with Mn values of 2-3 kg·mol-1. Acidic hydrolysis of the oligo(VAc) segments leads 

to amphiphilic block copolymers, and their use as fluorosurfactants that are 

potentially resistant to bioaccumulation[76] was proposed. Other amphiphilic block 
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copolymers were synthesized by a similar strategy, involving RAFT/MADIX 

polymerization of VDF and perfluoro(methyl vinyl ether) (PMVE) from a 

hydrophilic poly(N,N-dimethylacrylamide) (PDMA) macro-chain transfer agent.[31] 

Very recently, the same group reported RAFT/MADIX polymerization of VAc or VDF 

from P(VDF-r-MAF-TBE) copolymers bearing a xanthate end-group, leading to two 

novel block copolymers with molecular weights around 3 kg·mol-1 and dispersities 

of 1.5-1.9.[32] The controlled behavior of the copolymerization of VDF with tert-

butyl 2-trifluoromethacrylate (MAF-TBE) was demonstrated by monitoring the 

kinetics. 

Block copolymerization of several fluoromonomers (including VDF) via ITP has 

been developed by Tatemoto and co-workers from Daikin Company a few decades 

ago.[5,22-23] They produced several thermoplastic elastomers, composed of soft 

elastomeric and hard thermoplastic blocks, by degenerative chain transfer with 

diiodoperfluoroalkanes. The composition of soft and hard segments and their 

molecular weight strongly determines their properties. Nowadays, various 

fluorinated hard-soft-hard triblock copolymers are commercially available and 

applied as O-rings, tubes and coatings for use in extreme conditions, due to their 

excellent resistance to chemicals, heat, UV and ozone.[11] 

Valade et al.
[77] discussed the synthesis of PVDF-b-PS diblock copolymers through 

step-wise iodine transfer polymerization of vinylidene fluoride and styrene, 

starting with C6F13I as transfer agent. Molecular weights were in the order of 2-7 

kg·mol-1 and rather broad polydispersities in the range of 1.8-2.0 were achieved. 

Regarding the first step, ITP of vinylidene fluoride can lead to PVDF bearing either  

-CH2I or -CF2I end-groups. Only the latter type participated in the sequential 

polymerization of styrene, indicated by the observation of unreacted PVDF-

CF2CH2-I. Indeed, by studying the kinetics of the ITP of styrene with model chain 

transfer agents, the authors concluded that controlled polymerization in the 

presence of HCF2-CF2CH2-I was unsuccessful.[77] 

 

 
Scheme 1.5 Preparation of PVDF-b-PAN, PVDF-b-PMAN and PVDF-b-PVCN block 

copolymers via iodine transfer polymerization of cyanide monomers from PVDF-I.[78] 
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A similar strategy has been adopted to create novel block copolymers based on 

vinylidene fluoride and cyano-containing monomers.[78] Sequential ITP of VDF and 

either acrylonitrile (AN), methacrylonitrile (MAN) or vinylidene cyanide (VCN) 

resulted in three distinct diblock copolymers (Scheme 1.5). Again PVDF-CH2I was 

inactive during the block copolymerization. Nevertheless, the residual non-reactive 

homopolymer was successfully removed by washing treatment. The dielectric 

properties of those semicrystalline block copolymers with respect to their 

homopolymers were investigated. 

A direct synthesis route towards sulfonated polystyrene-block-poly(vinylidene 

fluoride) (SPS-b-PVDF) copolymers was attempted via both ITP and ATRP 

techniques.[79] Sequential iodine transfer polymerization of VDF and styrene 

sulfonates was inefficient, demonstrated by the low consumption of the PVDF-I 

macro-chain transfer agent. On the other hand, ATRP of sodium styrene sulfonate 

initiated by PVDF-CCl3, prepared via radical telomerization of VDF with 

chloroform,[70] exhibited a controlled character up to 50% of monomer conversion. 

This enabled the preparation of SPS-b-PVDF diblock copolymers with decent 

control of chain lengths.  

In contrast to conventional ITP, Mn2(CO)10 photomediated polymerization affords 

quantitative activation of both -CH2I and -CF2I halide chain ends, and therefore 

enables the complete synthesis of block copolymers from iodine-terminated PVDF 

without residual unreacted homopolymers.[26-27] Hence, polymerization of various 

alkenes from PVDF-I and I-PVDF-I led to AB- and ABA-type PVDF-containing block 

copolymers. Since Mn2(CO)10 simply acts as a photoactivator, the block 

copolymerization lacks a controlled mechanism, and broad dispersities of 1.5-2.5 

were reported.[26]  

 

 
Scheme 1.6 Synthesis route towards PVDF-b-PS block copolymer: copper(I)-catalyzed 

azide-alkyne cycloaddition of alkyne-terminated PS and azide-terminated PVDF, prepared 

from iodine-terminated PVDF precursor.[80] 
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1.4.1.4 Via click chemistry 

In addition to controlled radical polymerization techniques, click chemistry, 

enabling the ligation of polymer fragments into well-defined macromolecules, has 

been employed for the realization of other well-defined block copolymers based 

on PVDF. 

Beuermann and co-workers were the first to perform a click reaction for the 

synthesis of PVDF-b-PS diblock copolymers,[80] involving copper(I)-catalyzed azide-

alkyne cycloaddition (CuAAC) of alkyne-terminated PS with azide-terminated PVDF 

(Scheme 1.6), prepared from an iodine-terminated PVDF precursor.[81] Narrow 

polydispersities around 1.2-1.3, in between the values of the original 

homopolymers, were obtained from GPC analysis. The PVDF block was not able to 

crystallize when attached to PS. 

1.4.2 Phase behavior of PVDF-based block copolymers 

Although the synthesis of block copolymers containing PVDF segments received 

significant attention, literature discussing their self-assembly into well-ordered 

phase separated morphologies is scarce. Only a few studies investigated the phase 

behavior of PVDF-based block copolymers, mainly for membranes applications. 

The group of Holdcroft studied the nanostructure of block copolymer membranes 

for their potential application in proton exchange membrane fuel cells. 

Transmission electron micrographs of PVDF-b-PSF films revealed block copolymer 

phase separation, although disordered structures were obtained, caused by the 

relatively short block lengths and broad dispersities.[64] After sulfonation of the 

polysulfone segments, a spherical morphology of ionic SO3Ag aggregates was 

observed in TEM when Ag+ staining was applied.[65] 

In the same group, a more controlled polymerization route towards PVDF-

containing block copolymers led to P(VDF-r-HFP)-b-PS.[71] Despite larger block 

lengths and lower polydispersities, rather disordered morphologies were formed 

in solid state, with PS islands of 10-30 nm in a fluoropolymer matrix (Figure 1.4a). 

Since the authors report no post-annealing treatment after film casting, the TEM 

may represent a non-equilibrium state. On the other hand, after partial 

sulfonation of polystyrene segments, more ordered nanostructures occur.[72,82] For 

sulfonation degrees of 20-40%, an interconnected ionic channel network with a 

perforated lamellar structure is observed, as depicted in Figure 1.4b. Neutron 
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scattering measurements confirmed the phase separation, that is caused by the 

immiscibility of fluorous P(VDF-r-HFP) and sulfonated PS blocks. The ordered 

morphology is disrupted when the degree of sulfonation (DS) is further increased. 

The authors carefully addressed the correlation between structure and transport 

properties of the membranes. 

 

     
Figure 1.4 TEM images of (a) P(VDF-r-HFP)-b-PS stained with RuO4 (Reprinted and adapted 

with permission from ref [71]. Copyright 2004 American Chemical Society.) and (b) P(VDF-

r-HFP)-b-SPS stained with lead acetate. (Reprinted and adapted with permission from ref 

[82]. Copyright 2004 American Chemical Society.) 

 

A similar study reported the use of sulfonated PS-b-PVDF-b-PS triblock copolymers 

for proton conducting membranes.[73] Again microphase separated structures, 

including lamellar morphologies, were revealed, which depended strongly on the 

extent of sulfonation. The ionic clusters coalesced into larger channel structures 

when the DS exceeded 23%, corresponding to an increase in both water uptake 

and proton conductivity. However, when the same group incorporated 

polymerized ionic liquid (IL) segments into fluorinated block copolymers, the 

resulting PIL-b-P(VDF-r-HFP)-b-PIL showed no phase separation according to DSC 

and SAXS.[74] The homogeneous phase is explained by the solubility of the PIL 

domains in the fluorinated matrix, due to their hydrophobic nature and short block 

lengths. 

1.4.3 Other well-architectured copolymers based on PVDF 

Besides PVDF-containing block copolymers, alternative well-defined copolymers 

containing PVDF segments have been studied, with mainly graft- or alternating 

architectures. A few illustrative examples will be discussed. 
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For example, graft copolymers consisting of PVDF with poly(acrylic acid) (PAA) side 

chains were prepared via RAFT polymerization of AA from ozone pre-treated 

PVDF.[83] Microfiltration membranes of the resulting PVDF-g-PAA, obtained by 

phase inversion in aqueous medium, demonstrated a uniform pore size 

distribution and significant enrichment of so-called living PAA grafts on the (pore) 

surface. The latter enabled further functionalization via surface-initiated block 

copolymerization with N-isopropylacrylamide (NIPAAM) to achieve PVDF-g-(PAA-

b-PNIPAAM) membranes, showing both pH- and temperature dependent 

permeability to aqueous media. 

Sauguet and co-workers[84] reported the synthesis and characterization of PVDF-g-

PS copolymers by atom transfer radical polymerization. P(VDF-r-BDFO) 

macroinitiators, obtained via radical copolymerization of VDF with 

bromoperfluorooctene (BDFO), initiated the ATRP of styrene from the polymer 

backbone via cleavage of the C-Br bond in the BDFO units. The authors carefully 

monitored the kinetics of the graft-ATRP and confirmed the controlled behavior of 

the polymerization. 

More recently, ultrafiltration membranes were fabricated using mixtures of PVDF 

and PVDF-g-PEGMA.[85] The graft copolymers were prepared through ATRP of 

poly(ethylene glycol) methyl ether methacrylate (PEGMA) directly from the PVDF 

backbone via cleavage of the C-F bonds, as developed by Hester et al.
[86] The direct 

initiation of the difluoromethylene site in VDF is surprising, considering the high 

stability of those C-F bonds. Hence, Ameduri proposed that the grafting may arise 

from cleavage of the less stable C-H bonds in VDF.[11] Nevertheless, the graft 

copolymers produce defect-free high performance membranes for water 

treatment applications, showing a periodic pillar-like structure connected by a 

porous mesh. The authors suggest that structure formation is driven by either 

crystallization or self-assembly of the graft copolymer. 

In addition, alternating copolymers containing VDF units have been produced. For 

instance, the radical copolymerization of VDF with methyl trifluoroacrylate (MTFA) 

demonstrated the tendency to copolymerize in unexpected alternated 

structures.[87] More recently, the terpolymerization of VDF, HFP and α-

trifluoromethacrylic acid (TFMAA) was studied, and led to terpolymers containing 

VDF-alt-TFMAA alternated microblock structures separated by one HFP unit.[88] 

After reduction of the carboxylic acid moiety of TFMAA followed by etherification 
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of the resulting hydroxyl groups with sulfonic acid phenol, the terpolymers were 

cast into membranes and their electrochemical properties were investigated. 

PVDF-based copolymers with triblock architecture were reported by the group of 

Wang.[89] They grafted octaanilines onto the chain ends of P(VDF-r-CTFE) via 

amidation, which resulted in so-called dumbbell-shaped copolymers with high 

dielectric constants.  

1.5 Towards applications 

Well-defined copolymers based on PVDF are involved in many applications. For 

example, this special class of materials can be used in high performance 

thermoplastic elastomers, proton conducting membranes and non-bioaccumulable 

surfactants. 

Industrial production of thermoplastic elastomers has been achieved by sequential 

iodine transfer copolymerization of fluoroalkenes.[22-23] Their phase segregated 

morphology, composed of amorphous (elastomeric) and crystalline 

(thermoplastic) domains, gives rise to unique properties such as high thermal and 

chemical stability and excellent mechanical strength, that can be tailored by 

altering the monomer composition and molecular weight. Since fluorinated 

thermoplastic elastomers can perform under extreme conditions, they found 

application in high-tech areas, e.g. aerospace and aeronautics, as hoses/tubes, 

seals, O-rings and coatings (Figure 1.5).[23] 

 

 
Figure 1.5 Various products based on fluorinated thermoplastic elastomers: tubes, O-rings 

and gaskets. 
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Various sulfonated block- and graft copolymers containing PVDF have been 

prepared for potential use in proton conducting membranes for fuel cell 

applications. Polymer-based proton exchange membrane fuel cells (PEMFCs) 

generate electric energy by electrocatalytic oxidation of hydrogen or methanol, 

and are considered as efficient environmental friendly alternatives to current 

power sources in laptops, mobile phones and automotives.[73,82,90-91] Consequently, 

the membranes require high electrochemical and thermal stability, good 

mechanical strength and integrity, low cost preparation and, most essential, high 

proton conductivity. Several studies report efforts to replace the commercially 

available perfluorinated Nafion membranes by cheaper and ecologically more 

acceptable materials to further support PEMFC commercialization. For example, 

partially sulfonated PS-b-PVDF-b-PS triblock copolymers revealed strong proton 

conductivity, with even higher values compared to Nafion at high humidity and 

low temperature.[73] Furthermore, the maximum conductivity was demonstrated 

to be significantly larger than for partially sulfonated polystyrene. On the other 

hand, the performance of graft copolymer proton exchange membranes 

containing PVDF as backbone material was also investigated.[91-92] Tsang et al.
[93] 

carefully compared block- and graft copolymer polyelectrolytes (Figure 1.6), both 

composed of fluorous and sulfonated polystyrene segments. According to the 

authors, graft copolymer membranes are more suitable for fuel cell applications 

compared to their block copolymer counterparts. 

 

 
Figure 1.6 TEM images of (a) P(VDF-r-CTFE)-graft-SPS and (b) P(VDF-r-HFP)-block-SPS 

membranes. (Reprinted with permission from ref [93]. Copyright 2007 American Chemical 

Society.) 
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The group of Ameduri investigated the use of fluorinated block copolymers, 

composed of P(VDF-r-TFP) and poly(vinyl alcohol) (PVA) segments, as novel 

fluorosurfactant material.[75-76] Fluorinated surfactants, exhibiting low surface 

tensions, are involved in many applications, ranging from soil- and stain-repellents 

to coatings and emulsifiers for aqueous polymerization of hydrophobic 

(fluoro)monomers.[94] Generally, they are composed of a perfluorinated chain and 

a hydrophilic group. Commercially available examples are perfluorooctanoic acid 

(PFOA) and ammonium perfluorooctanoate (APFO). However, these surfactants 

appear to be eco-persistent and toxic because of the very stable perfluorinated 

chains that cannot undergo metabolic or enzymatic decomposition. Hence, 

amphiphilic P(VDF-r-TFP)-b-PVA copolymers have been proposed as environmental 

friendly alternatives that are potentially resistant to bioaccumulation, since 

hydrophobic P(VDF-r-TFP) contains less stable methylene moieties.[76] The block 

copolymers demonstrated good solubility in water and comparable surface 

tension compared to APFO, while degradation studies are ongoing.[75] Recently, 

the direct synthesis of PVDF-based amphiphilic diblock copolymers was achieved 

via RAFT/MADIX polymerization, enabling the development of more fluorinated 

surfactants for stabilization of emulsions based on water and supercritical CO2.
[31] 

1.6 Scope of this thesis 

In addition to the purposes described in the previous section, PVDF-based block 

copolymers can be employed as precursors for functional materials having 

ferroelectric and multiferroic properties. Multiferroic materials exhibit at least two 

ferroic orders (ferroelectricity, ferromagnetism and ferroelasticity). Hence, 

multiferroics are promising candidates for application in multifunctional devices 

such as switches and memory devices.[95] Magnetoelectric (ME) coupling is 

expected to be large in multiferroic materials in which ferroelectricity and 

ferromagnetism coexist. The ME effect is defined as the appearance of an electric 

polarization upon applying a magnetic field, or vice versa, the appearance of a 

magnetization upon applying an electric field.[96-98]  

Contrary to single-phase magnetoelectrics, ME composites that combine distinct 

ferroelectric (FE) and ferromagnetic (FM) phases produce a large ME effect at 

room temperature. Those materials can find potential applications in transducers, 

sensors and the information storage industry.[95-96] For instance, magnetization and 
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polarization can independently encode information in a multiferroic bit. 

Furthermore, ME coupling permits data to be written electrically and read 

magnetically. In composites, the ME coupling is achieved via elastic interaction 

between a magnetostrictive (ferromagnetic) and piezoelectric (ferroelectric) 

phase, and this strain-mediated ME effect is strongly dependent on both the 

composite microstructure and interaction across the composite interface. Apart 

from the conventional ceramic composites, polymer-based magnetoelectric 

composites, composed of ferroelectric PVDF and a magnetostrictive phase, have 

been fabricated in recent years and demonstrated substantial ME coefficients.[96] 

We propose a novel route towards well-ordered multiferroic nanocomposites, 

using block copolymer precursors (Scheme 1.7). Self-assembly of PVDF-containing 

block copolymers followed by sacrificial block removal results in PVDF nanofoams 

that are potentially ferroelectric. The use of block copolymers is a convenient way 

to tailor the nanostructure, and consequently the porosity, of the material. 

Backfilling of the porous template with a ferromagnetic material leads to 

multiferroic PVDF-based nanostructured composites.  

 

 
Scheme 1.7 Schematic route towards well-ordered multiferroic nanocomposites from 

PVDF-based block copolymer precursors. Block copolymer self-assembly yields ordered 

morphologies. A selective etching procedure leads to nanoporous PVDF templates. 

Backfilling with a ferromagnetic material results in multiferroic PVDF-based nanohybrids.  
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Although synthesis routes towards PVDF-based block copolymers received 

considerable attention, the preparation of well-defined copolymers with 

predictable molecular weights and molecular weight distributions remains 

challenging. Moreover, detailed information about the phase behavior of these 

materials, involving the interplay between crystallization and microphase 

separation, is missing. Hence, this thesis is devoted to the synthesis and self-

assembly of block copolymers containing poly(vinylidene fluoride) segments into 

well-ordered nanostructures. Additionally, it explores the use of PVDF-based block 

copolymers as precursors for nanostructured ferroelectric and multiferroic 

materials. The outline of this thesis is depicted in Scheme 1.8.  

Chapter 2 and 3 discuss the preparation of double-crystalline poly(L-lactide)-block-

poly(vinylidene fluoride)-block-poly(L-lactide) (PLLA-b-PVDF-b-PLLA) and poly(3-

hexylthiophene)-block-poly(vinylidene fluoride)-block-poly(3-hexylthiophene) 

(P3HT-b-PVDF-b-P3HT), respectively, via Cu(I)-catalyzed azide-alkyne 

cycloaddition. PLLA-b-PVDF-b-PLLA (Chapter 2) block copolymers are miscible in 

the melt, and an alternating crystalline lamellar morphology is formed upon 

crystallization from the homogeneous melt. The crystallization behavior of the 

lower temperature crystallizing PLLA component depends strongly on the block 

composition. Contrary, a microphase separated melt is observed for P3HT-b-PVDF-

b-P3HT (Chapter 3), and confined crystallization of P3HT and PVDF occurs within 

the phase separated domains. The rich phase behavior leads to a remarkable 

structure characterized by hierarchical order at multiple length scales. 

Chapter 4 and 5 focus on the fabrication of well-ordered, and potentially 

multiferroic, PVDF-based nanocomposites from semicrystalline block copolymers. 

Polystyrene-block-poly(vinylidene fluoride)-block-polystyrene (PS-b-PVDF-b-PS) 

and poly(tert-butyl methacrylate)-block-poly(vinylidene fluoride)-block-poly(tert-

butyl methacrylate) (PtBMA-b-PVDF-b-PtBMA) are synthesized via atom transfer 

radical polymerization from PVDF macroinitiators. Nanoporous PVDF foams and 

PVDF/nickel nanocomposites are prepared (Chapter 4), and the lamellar 

morphology and β-phase of PVDF are conserved during the fabrication process. In 

addition, well-ordered lamellar PVDF/PMAA/Ni and PVDF/PMAA/SiO2 

nanocomposites are generated via electroless nickel plating and sol-gel synthesis, 

respectively (Chapter 5).  
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Scheme 1.8 Schematic representation of thesis outline.  

 

Finally, Chapter 6 discusses the multiferroic properties of the nanocomposites 

fabricated in the previous chapter. The ferroelectric behavior in the block 

copolymer precursors was studied with local switching measurements and 

polarization switching was confirmed. Furthermore, room temperature 

ferromagnetism was found in the PVDF/PMAA/Ni nanocomposites.  
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