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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 



 
 

General introduction 

 

15 

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.  



 
 

General introduction 

 

33 

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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Chapter 2  

 

Sequential crystallization of  

PLLA-b-PVDF-b-PLLA copolymers  
 

 

 

 

Double-crystalline poly(L-lactide)-block-poly(vinylidene fluoride)-block-poly(L-

lactide) (PLLA-b-PVDF-b-PLLA) triblock copolymers were successfully synthesized 

through ring opening polymerization of L-lactide and benzoyl peroxide initiated 

polymerization of vinylidene fluoride, followed by copper(I)-catalyzed azide-

alkyne coupling of the PLLA and PVDF telechelics. The block copolymers were 

miscible in the melt, and an alternating crystalline lamellar nanostructure was 

formed upon crystallization from the homogeneous melt. Crystallization 

behavior of the PLLA component depends strongly on the block composition. The 

crystallization temperature of the lower temperature crystallizing PLLA block 

increased considerably with respect to its parent homopolymer for rather 

symmetric block copolymers, indicating a strong nucleation effect, while on the 

other hand asymmetric block copolymers with low PLLA content demonstrated a 

large depression of crystallization temperature, due to a fractionated 

crystallization process. A confined crystallization mechanism for the PLLA blocks 

was suggested, indicated by the low degree of crystallization compared to the 

respective homopolymers, and confirmed by microstructure analysis performed 

during isothermal crystallization. Contrary to PLLA, crystallization of the higher 

temperature crystallizing PVDF component within the block copolymer was not 

influenced by block composition and similar crystallization behavior was 

observed with respect to PVDF homopolymers. 

 

Parts of this chapter were published in: Polym. Chem. 2014, 5, 2219. 
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2.1 Introduction 

The introduction of crystallinity in block copolymers results in a complex interplay 

between microphase separation and crystallization, leading to the generation of 

fascinating morphologies. While in conventional amorphous block copolymers the 

self-assembly is triggered by the thermodynamic repulsion between its 

components provoking microphase segregation,[1-4] the incorporation of 

crystallizable blocks generally complicates the morphological features due to the 

competition of crystallization with phase segregation. Depending on the 

segregation strength in the melt, crystallization will be confined within the block 

copolymer microdomains (for strongly segregated melts), or crystallization can 

overwrite any preformed structure (for weakly segregated or homogeneous 

melts).  

The most commonly studied crystallizable block copolymers are crystalline-

amorphous, in which one of the blocks is amorphous and the other 

semicrystalline.[5-8] Three key transition temperatures play an important role in the 

final morphology, i.e. the crystallization temperature (Tc), the glass transition 

temperature (Tg) of the amorphous block and the order-disorder transition 

temperature (TODT). If TODT > Tg > Tc, the crystallization of the crystallizable block 

takes place within the phase segregated domains connected to the glassy 

component (hard confinement), and the microphase separated structure of the 

melt, e.g. cylindrical, spherical or lamellar, is generally preserved.[9] If TODT > Tc > Tg, 

the second component is above its Tg, i.e. rubbery, and crystallization therefore 

occurs with little morphological constraint (soft confinement), enabling a possible 

break-out from the ordered melt structure.[9] In that case, crystallization will 

overwrite the preformed melt morphology, leading to an alternating crystalline-

amorphous lamellar nanostructure regardless of the block composition. Finally, if 

TODT < Tc > Tg, crystallization occurs from a homogeneous melt, and microphase 

separation is completely driven by crystallization, generally leading to a lamellar 

nanostructure, again regardless of composition, within a spherulitic 

microstructure.[10] 

In block copolymers containing only crystallizable components, the competition 

between crystallization of the different crystalline blocks plays a more important 

role than the effect of microphase separation. In such double-crystalline block 



 
 

Sequential crystallization of PLLA-b-PVDF-b-PLLA copolymers 

 

41 

copolymers, the crystallization of one block may affect the crystallization and 

morphology of the other. The crystallization and structure of several double-

crystalline di- and triblock copolymers has been investigated and reviewed.[6,11] So 

far, mainly biodegradable block copolymers, composed of semicrystalline 

poly(ethylene oxide) (PEO), poly(ε-caprolactone) (PCL), poly(lactic acid) (PLA) or 

poly(p-dioxanone) (PPDX), have been the subject of publications. When the 

copolymers are quenched from the melt, different situations can be observed, 

depending on crystallization temperatures, molecular weights and segregation 

strength. For the latter, as for crystalline-amorphous diblock copolymers, strongly 

segregated, weakly segregated and homogeneous melt systems are reported.[11]   

If the melting temperatures for both components of a double-crystalline block 

copolymer are similar, as for PEO-b-PCL, coincident crystallization of both blocks 

from the melt can occur for symmetric block ratios.[12] The Tc values of the block 

copolymer components compared to their parent homopolymers can be either 

lower[13] (depression) or higher[14] (nucleation effect). Often a strong depression in 

Tc of the lower temperature component, i.e. the block that crystallizes second 

from the melt, is revealed when the fraction of that concerning component is 

low.[12,14] This phenomenon, called fractionated crystallization, is a consequence of 

the confined crystallization of the lower temperature block within the matrix of 

the higher temperature block that has crystallized previously.[6,11]  

On the other hand, if the melting temperatures of the two blocks of a double-

crystalline block copolymer are far from each other, e.g. in PLLA-b-PEO and PLLA-

b-PCL, separate crystallization temperatures have been reported.[15-16] Again, 

differences between the Tc values of the block copolymer components compared 

to the corresponding homopolymers have been observed for this situation, as well 

as fractionated crystallization. In certain cases the degree of crystallization of the 

lower temperature block has been reported to be very low,[17] confirming the 

influence of the previously crystallized higher temperature component.  

In terms of morphology, double-crystalline block copolymers generally form an 

alternating crystalline lamellar nanostructure, since crystallization is often the 

dominating self-organizing mechanism.[11] Consequently, spherulites are observed 

as superstructure at the microscale. Several distinct birefringence patterns were 

obtained depending on the components, block composition and isothermal 
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crystallization temperature, e.g. (double) concentric,[14,18-19] ring-banded,[20] regular 

non-banded,[16] granular[21] and deformed spherulites.[21]  

Considering PLLA-b-PCL, the spherulitic structure is formed during the 

crystallization of the higher temperature PLLA block, and the morphology remains 

invariable during the sequential crystallization of the lower temperature PCL 

component. Only the magnitude of the birefringence changed, as indicated by the 

difference of brightness and color in POM images.[16] Apparently, the previously 

formed crystalline PLLA matrix strongly templates the crystallization of PCL in such 

a way that this block has to fit in between the radially grown PLLA lamellae 

without altering the preformed superstructure. Similar results were reported for 

PLLA-b-PEO block copolymers.[22] 

This chapter discusses the preparation and crystallization of poly(L-lactide)-block-

poly(vinylidene fluoride)-block-poly(L-lactide) (PLLA-b-PVDF-b-PLLA), a double-

crystalline triblock copolymer. The synthesis route towards this material involves 

ring opening polymerization (ROP) of L-lactide (LLA), benzoyl peroxide initiated 

polymerization of vinylidene fluoride (VDF), and subsequential “clicking” of the 

end-functionalized PLLA and PVDF using copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC), as pointed out in Scheme 2.1. 

 

 
Scheme 2.1 Synthesis route towards azide-terminated PVDF, alkyne-terminated PLLA and 

PLLA-b-PVDF-b-PLLA triblock copolymer. 
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Click chemistry encompasses a wide range of reactions characterized by efficiency, 

selectivity and tolerance to functional groups and a variety of solvents. Popular 

and most widely used is the copper(I)-catalyzed azide-alkyne cycloaddition, a very 

general, robust, insensitive and orthogonal reaction between an azide and alkyne 

to form a triazole moiety.[23-24] During the last decade, CuAAC has been employed 

extensively for the ligation of polymer fragments into block- and graft copolymers 

or other well-defined macromolecules,[25-27] including fluorinated copolymers.[28]  

Poly(vinylidene fluoride) (PVDF) demonstrates outstanding thermal, chemical and 

mechanical stability,[29] and is therefore applied in the industrial fabrication of 

pipes, linings, and automotives. However, most appealing are the reported ferro-, 

pyro- and piezoelectric properties of its β-crystalline phase.[30-31] Consequently, 

many techniques have been developed to increase this popular β-polymorph in 

PVDF and PVDF-based materials, including mechanical stretching of the non-polar 

α-phase,[31] solution casting from polar solvents[32] or the addition of nanoclays.[33] 

Ferroelectric β-phase PVDF may find application in actuators, sensors and energy 

harvesting devices.[34-35]  

The incorporation of PVDF segments in block copolymers is highly attractive, since 

PVDF-containing block copolymers can function as potential precursors for 

ordered nanostructured materials with outstanding properties as described above. 

However, controlled radical polymerization techniques, commonly used to 

synthesize well-architectured block copolymers, are not applied easily to the 

polymerizations of fluorinated olefins like PVDF.[36] Nevertheless, PVDF-based 

block copolymers with reasonable chain lengths and polydispersities have been 

prepared using macroinitiator approach. For example, chlorine-terminated PVDF 

has been employed to initiate the atom transfer radical polymerization (ATRP) of 

styrene (S)[37-38] and methyl methacrylate (MMA).[37] Furthermore, techniques as 

reversible addition-fragmentation transfer (RAFT) polymerization,[39] 

macromolecular design via the interchange of xanthates (MADIX)[40] and iodine 

transfer polymerization (ITP)[41] were performed to obtain alternative fluorinated-

based block copolymers. In addition, Vukićević and co-workers performed a click 

reaction involving the CuAAC of alkyne-terminated PS and azide-terminated PVDF, 

prepared from an iodine-terminated PVDF precursor,[42] for the synthesis of PVDF-

b-PS.[43] Despite these efforts, studies reporting the crystallization and morphology 

of PVDF-containing block copolymers are rare. 
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Due to the chiral nature of lactic acid and its cyclic dimer lactide, polymerization 

can yield semicrystalline poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) or 

amorphous poly(LD-lactide) (PLDLA). In recent years, PLLA gained clinical attention 

due to its biodegradable and biocompatible properties, and has been used 

predominately in biomedical applications, for example sutures, scaffolds and 

orthopedic fixation devices.[11,44] Due to its facile degradability in mild aqueous 

base, this polymer has also been employed to create nanoporous templates from 

block copolymer precursors, using polylactide as sacrificial block.[45] Other PLLA-

based block copolymers, containing perfluoropolyether (PFPE) segments, 

demonstrated improved melt processability, stronger surface hydrophobicity, 

increased ductility and elongation, and controlled environmental stability over 

PLLA homopolymers.[46] Interesting is the reported shear piezoelectricity of PLLA 

after uniaxial orientation, achieved by mechanical stretching,[47-48] and observed 

ferroelectric hysteresis when PLLA is electrically poled.[49] Uniaxially drawn PLLA 

rods implanted in fractured shinbone even demonstrated an enhancement in bone 

formation (and therefore fracture healing) with respect to undrawn PLLA, which is 

attributed to the piezoelectric current generated by the mechanical strain 

accompanying leg movement.[50]  

In the absence of epimerization, ring opening polymerization (ROP) of 

enantiomerically pure L-lactide will lead to isotactic poly(L-lactide) PLLA.[51-52] Bulk 

ROP of ε-caprolactone (CL) using an acetylene-functionalized alcohol as initiator 

resulted in well-defined alkyne-terminated poly(ε-caprolactone) (PCL),[53] and a 

similar strategy will be used in this study to prepare alkyne-terminated PLLA with 

narrow polydispersities.  

In this chapter, we investigate the preparation, structure and crystallization of a 

new double-crystalline triblock copolymer: PLLA-b-PVDF-b-PLLA. Azide-alkyne 

coupling is performed to “click” tailored PVDF and PLLA, allowing the preparation 

of well-defined copolymers with different block ratios (Scheme 2.1). The mutual 

interaction between the two crystallizable blocks will be studied by investigating 

the morphology as function of temperature, thereby determining the dependence 

of block composition and the difference from the behavior of parent 

homopolymers and blends.  
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2.2 Experimental 

2.2.1 Materials 

Oxalyl chloride (Acros, 98%), α-bromo-p-toluic acid (Acros, 97%), lithium peroxide 

(Li2O2, Acros, 95%), vinylidene fluoride (VDF, Synquest Labs, 98%), sodium azide 

(NaN3, Aldrich, 99.5+%), (3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione (L-lactide, 

Acros, 98%), tin(II) 2-ethylhexanoate (Sn(Oct)2, Aldrich, 95%), 5-hexyn-1-ol 

(Aldrich, 96%), 1-hexanol (Aldrich, 99+%), copper(I) bromide (CuBr, Aldrich, 98+%) 

and 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA, Acros, 99+%) were used 

as received. All solvents used were of analytical grade.  

2.2.2 Synthesis of azide-terminated PVDF (3) 

Step 1. Oxalyl chloride (2.2 mL, 25 mmol) and a few drops of anhydrous DMF were 

added to a stirred suspension of α-bromo-p-toluic acid (5.0 g, 23 mmol) in 25 mL 

of anhydrous DCM at 0 °C. After reacting for 2 h at room temperature, the solvent 

was removed by rotary evaporation. The remaining yellow residue was 

immediately dissolved in 50 mL n-hexane/Et2O (1:1). The resulting solution was 

slowly added via a droplet funnel to a rapidly stirred 25 mL aqueous solution of 

Li2O2 (1.3 g, 30 mmol) at 0 °C. After reacting for 2 h at room temperature, the 

reaction mixture was diluted with 250 mL chloroform and washed twice with 200 

mL H2O. The aqueous phase was extracted twice with 100 mL chloroform. The 

combined organic phases were dried over MgSO4 and chloroform was 

subsequently removed by rotary evaporation. The remaining white solid was 

recrystallized from chloroform, yielding white needle-shaped crystals of 4-

(bromomethyl)benzoyl peroxide (1). 1H-NMR (400 MHz, DMSO-d6, δ): 8.02 (d, 4H, 

–ArH), 7.70 (d, 4H, –ArH), 4.80 (s, 4H, –PhCH2Br). 

Step 2. A solution of (1) (1.0 g, 2.4 mmol) in 300 mL of anhydrous acetonitrile was 

added to a pressure reactor (Figure 2.1: Parr Instruments, model 4568). The vessel 

was closed and purged with N2 for 30 min to degas the mixture. Subsequently, the 

reactor was charged with an initial pressure of 20 bar VDF, heated to 90 °C and 

stirred at 500 rpm. After reacting for 30 min, the vessel was cooled down to room 

temperature and depressurized. The reaction mixture was cooled to 0 °C, and the 

precipitate was collected by filtration. The remaining solid was washed with 

acetonitrile and chloroform. Reprecipitation was carried out from DMF in 
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MeOH/H2O (1:1), and the collected white solid was dried in vacuo at 40 °C to yield 

bromine-terminated PVDF (2). 1H-NMR (400 MHz, acetone-d6, δ): 8.11 (d, –ArH), 

7.69 (d, –ArH), 4.76 (s, –PhCH2Br), 4.73 (m, –COOCH2CF2–), 2.98 (m, –CF2CH2–

CF2CH2–, head-to-tail), 2.39 (m, –CF2CH2–CH2CF2–, tail-to-tail). 19F-NMR (400 MHz, 

acetone-d6, δ): -92.4 (–CH2CF2–CH2CF2–CH2CF2–, head-to-tail), -96.2 (–CH2CF2–

CF2CH2–CH2CF2–CH2CF2–), -114.7 (–CH2CF2–CH2CF2–CF2CH2–), -117.0 (–CH2CF2–

CF2CH2–CH2CF2–). 

Step 3. NaN3 (53 mg, 0.82 mmol) was added to a solution of (2) (Mn,GPC = 18.3 

kg·mol-1, 1.0 g, 0.055 mmol) in DMF. The reaction mixture was stirred at 60 °C 

overnight, and subsequently precipitated in H2O and washed with H2O and EtOH. 

The collected dark-yellow solid was dried in vacuo at 40 °C to yield azide-

terminated PVDF (3). 1H-NMR (400 MHz, acetone-d6, δ): 8.19 (d, –ArH), 7.66 (d,  

–ArH), 4.76 (m, –COOCH2CF2–), 4.67 (s, –PhCH2N3), 2.98 (m, –CF2CH2–CF2CH2–, 

head-to-tail), 2.39 (m, –CF2CH2–CH2CF2–, tail-to-tail).  

 

    
Figure 2.1 (a) Picture and (b) schematic representation of high pressure reactor set-up. 
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2.2.3 Synthesis of alkyne-terminated PLLA (4) 

A typical procedure for the ring opening polymerization of lactide is as follows: L-

lactide (1.9 g, 13.1 mmol) was added to a dried round-bottom flask, followed by a 

degassing procedure (i.e. evacuating and backfilling three times with N2). The flask 

was heated to 130 °C to melt the L-lactide. 1-hexyn-5-ol (0.073 ml, 0.67 mmol) and 

2 drops of Sn(Oct)2 were subsequently added via degassed syringes and the 

solution was stirred for 30 minutes. During the reaction the mixture became solid, 

indicating the successful polymerization of LLA. The product was dissolved in DCM, 

precipitated in Et2O and washed with Et2O and MeOH. Reprecipitation was carried 

out from DCM in MeOH and the resulting white solid was dried in vacuo at 40 °C to 

yield alkyne-terminated PLLA (4) (Table 2.1). 1H-NMR (400 MHz, CDCl3, δ): 5.16 (m, 

–OCOCH(CH3)–), 4.35 (q, –OCOCH(CH3)OH), 4.16 (q, CH≡CCH2CH2CH2CH2O–), 2.23 

(dt, CH≡CCH2CH2CH2CH2O–), 1.96 (s, CH≡CCH2CH2CH2CH2O–), 1.77 (m, 

CH≡CCH2CH2CH2CH2O–), 1.57 (m, –OCOCH(CH3)–), 1.41 (d, –OCOCH(CH3)OH). 

PLLA without alkyne functionality was prepared via the same procedure using 1-

hexanol, instead of 1-hexyn-5-ol, as initiator. The resulting alkane-terminated PLLA 

was used in homopolymer and blend studies to compare its crystallization with 

block copolymer samples.  

 

Table 2.1 Conditionsa and characteristics of alkyne-terminated PLLA homopolymers. 

Product I 

(mmol) 

M 

(mmol) 

t 

(min) 

Mn,theor
b 

(kg·mol
-1

) 

Mn,GPC
c 

(kg·mol
-1

) 

PDI
c 

PLLA
3 0.67 13.1 30 2.8 3.4 1.05 

PLLA
9 0.67 39.3 60 8.5 8.7 1.08 

PLLA
12

 0.67 52.4 60 11.2 12.4 1.13 
a 

T = 130 °C; [SnOct2] = 2 drops. b Determined from [M]/[I] ratio. c Determined by GPC of 

precipitated product in THF. 

 

2.2.4 Synthesis of PLLA-b-PVDF-b-PLLA (5) 

A typical procedure for CuAAC of PVDF and PLLA is as follows: CuBr (14 mg, 0.10 

mmol), (3) (Mn,GPC = 18.3 kg·mol-1, 183 mg, 0.010 mmol) and (4) (Mn,GPC = 3.4 

kg·mol-1, 68 mg, 0.020 mmol) were added to a dried round-bottom flask, followed 

by a degassing procedure (i.e. evacuating and backfilling three times with N2). 5.0 

mL of anhydrous DMF was added via a degassed syringe, followed by PMDETA 
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(0.031 mL, 0.15 mmol), and the reaction was stirred for 3 days at 60 °C. The 

mixture was precipitated in cold MeOH/H2O (1:3) and washed with MeOH/H2O 

(1:1) and MeOH. Finally, the collected yellow-brown product was dried in vacuo at 

40 °C to yield PLLA-b-PVDF-b-PLLA (5) (Table 2.2). 1H-NMR (400 MHz, acetone-d6, 

δ): 8.12 (d, –ArH), 7.83 (s, –TrH), 7.50 (d, –ArH), 5.75 (s, –PhCH2Tr–), 5.26 (m,  

–OCOCH(CH3)–), 4.71 (m, –COOCH2CF2–), 4.36 (m, –OCOCH(CH3)OH), 4.21 (m,  

–TrCH2CH2CH2CH2O–), 2.98 (m, –CF2CH2–CF2CH2–, head-to-tail), 2.39 (m, –CF2CH2–

CH2CF2–, tail-to-tail), 1.77 (m, –TrCH2CH2CH2CH2O–), 1.61 (m, –OCOCH(CH3)–), 1.44 

(d, –OCOCH(CH3)OH). 

 

Table 2.2 Conditionsa and characteristics of PLLA-b-PVDF-b-PLLA triblock copolymers. 

Product PVDF 

polymer 

[PVDF] 

(mM) 

PLLA 

polymer 

[PLLA] 

(mM) 

Mn
 

(kg·mol
-1

) 

fPLLA
 

L14V72L14
25

 PVDF18 2.0 PLLA3 4.0 25.1 0.27 

L24V52L24
36

 PVDF18 2.0 PLLA9 4.0 35.7 0.49 

L29V42L29
43

 PVDF18 2.0 PLLA12 4.0 43.1 0.58 
a [PMDETA] = 1.5·[CuBr] = 30 mM; T = 60 °C; t = 3 days. 

 

2.2.5 Preparation of block copolymer films 

A 1.5% w/w solution of PLLA-b-PVDF-b-PLLA in DMF was stirred for at least 1 h at 

room temperature. The solution was filtered and subsequently poured into a glass 

Petri dish. The solvent was allowed to evaporate slowly at 45 °C for two days and 

the film was subsequently annealed in solvent vapor for at least one week, yielding 

a yellow-brown film with a thickness of ca. 50 µm. 

2.2.6 Preparation of homopolymer blends 

Bromine-terminated PVDF and alkane-terminated PLLA homopolymers were 

dissolved in DMF in a 1:2 molar ratio, equal to the equivalents used for the CuAAC. 

For DSC analysis, the solution was added dropwise into an aluminum pan. The 

solvent was allowed to evaporate at 80 °C and the blend was subsequently dried in 

vacuo at 40 °C for 1 h before measurement. For POM measurements, the polymer 

solution was added dropwise onto a microscope cover slip. The solvent was 

allowed to evaporate at 80 °C and the blend was subsequently dried in vacuo at 40 

°C for 1 h before analysis. 
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2.2.7 Characterization 

Differential scanning calorimetry (DSC) was carried out using a TA Instruments 

Q1000 in N2 atmosphere. Samples of approximately 5 mg were encapsulated in 

aluminum pans, and during the measurement a heating/cooling rate of 10 °C/min 

was applied.  

Polarized optical microscopy (POM) was conducted on a Zeiss Axiophot and 

samples were placed between crossed polarizers. Thin films were prepared 

between microscope cover slips by melting the polymer at 190 °C, and quickly 

cooled in a Mettler FP82HT hot stage to the isothermal crystallization temperature 

(125 or 145 °C) prior to imaging. To enhance the contrast, a λ wave plate was 

inserted between the polarizers.  

Gel permeation chromatography (GPC) of PVDF homopolymers was performed in 

DMF (flow rate of 1 mL min-1) with 0.01 M LiBr on a Viscotek GPCMAX equipped 

with model 302 TDA detectors, using two columns (PSS-Gram-1000/30, 10 μ 30 

cm). Molecular weights were calculated relative to PMMA according to universal 

calibration using narrow disperse standards (Polymer Laboratories). GPC of PLLA 

homopolymers was performed in stabilized THF (flow rate of 1 mL min-1) on a 

Viscotek GPC equipped with three detectors (Viscotek Ralls detector, Viscotek 

Viscometer Model H502 and Shodex RI-71 Refractive Index detector), using a 

guard column (PLgel 5 µm Guard, 50 mm and two columns PLgel 5 µm MIXED-C, 

300 mm, Agilent Technologies) at 30 °C. Molecular weights were calculated 

relative to PS according to universal calibration using narrow disperse standards 

(Agilent Technologies and Polymer Laboratories).  

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(Maldi-ToF MS) measurements were performed on a Biosystems Voyager-DE PRO 

spectrometer, in positive and linear mode, by accelerating the voltage to 20 kV. 

Dithranol was used as matrix, sodium trifluoroacetate as salt for cationization and 

THF as solvent.  
1H and 19F nuclear magnetic resonance (1H-NMR and 19F-NMR) spectra were 

recorded on a 400 MHz Varian VXR operating at room temperature.  

Fourier transform infrared (FTIR) spectroscopy measurements were performed 

using KBr pellets in vacuo in transmission mode on a Bruker IFS 66v/S equipped 

with a DTGS detector at a resolution of 4 cm-1.  
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Wide-angle X-ray scattering (WAXS) and Small-angle X-ray scattering (SAXS) were 

performed at the Dutch-Belgium Beamline (DUBBLE) station BM26B of the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, France.[54-55] The 

sample-detector distance of the SAXS set-up was ca. 3.5 m, while the X-ray 

wavelength was 1.03 Å. The scattering vector q is defined as q = 4π/λsinθ with 2θ 

being the scattering angle. Temperature-resolved measurements were performed 

using a Linkam DSC 600 cell.  

Bright-field transmission electron microscopy (TEM) was carried out on a Philips 

CM12 transmission electron microscope operating at an accelerating voltage of 

120 kV. TEM samples were prepared as follows: ultrathin sections (ca. 80 nm) of a 

block copolymer film embedded in epoxy resin (Epofix, Electron Microscopy 

Sciences) were microtomed using a Leica Ultracut UCT-ultramicrotome equipped 

with a 35° Diatome diamond knife at room temperature, and subsequently placed 

on copper grids.  

2.3 Results and discussion 

2.3.1 Synthesis 

PLLA-b-PVDF-b-PLLA triblock copolymers were successfully synthesized via 

copper(I)-catalyzed azide-alkyne cycloaddition of PLLA and PVDF telechelics. 

Alkyne-terminated PLLA has been prepared by ring opening polymerization of L-

lactide, while benzoyl peroxide initiated polymerization of vinylidene fluoride and 

additional end-group modification led to azide-terminated PVDF (Scheme 2.1). 

 
Figure 2.2 (a) 19F-NMR spectrum and (b) 1H-NMR spectrum of bromine-terminated PVDF18 

in acetone-d6. Signals corresponding to PVDF backbone are designated with “V”. 
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Figure 2.3 1H-NMR spectra in acetone-d6 of (a) bromine-terminated PVDF18, (b) azide-

terminated PVDF18 and (c) L14V72L14
25 block copolymer. Signals corresponding to methylene 

and triazole protons are designated with “M” and “T” respectively.  

 

Benzoyl peroxides tailored with a wide variety of functional groups have 

demonstrated to act as efficient initiators for the synthesis of end-capped 

poly(vinylidene fluoride) and other fluoropolymers.[56] For example, chlorine-

terminated PVDF is prepared via benzoyl peroxide initiated polymerization and can 

subsequently be employed as macroinitiator to initiate ATRP of styrene (Chapter 

4). Using a similar approach outlined in Scheme 2.1, we successfully synthesized 

bromine-functionalized benzoyl peroxide (1) via acylation of Li2O2 with 4-

(bromomethyl)benzoyl chloride, followed by the preparation of bromine-

terminated PVDF (2) using the functionalized benzoyl peroxide as initiator. Both 
19F-NMR and 1H-NMR (Figure 2.2) depict the characteristic signals (assigned in the 

experimental section) for head-to-tail and tail-to-tail VDF sequences in the 

polymer backbone, indicating the successful synthesis of Br-PVDF-Br. The absence 

of disproportionation in termination[57-58] is supported by the absence of 

resonances due to unsaturated bonds in the 1H-NMR spectrum. Hence, 

propagating radicals are only consumed through combination, leading to well-

defined phenylmethyl bromine end-groups at 8.11, 7.69 and 4.76 ppm (Figure 

2.3a), in agreement with previous studies.[38,56] Traces of –CH2–CF2H (6.33 ppm) 

and –CF2–CH3 (1.83 ppm) moieties can be attributed to chain transfer reactions, 

like intramolecular backbiting that results in short chain branches.[59] 
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Figure 2.4 1H-NMR spectra of (a) azide-terminated PVDF18 in acetone-d6, (b) alkyne-

terminated PLLA3 in CDCl3 and (c) L14V72L14
25 block copolymer in acetone-d6. Signals 

corresponding to PVDF and PLLA are designated with “V” and “L” respectively. Remaining 

peaks correspond to the NMR solvents. 

 
Figure 2.5 FTIR spectra of (a) bromine-terminated PVDF18, (b) azide-terminated PVDF18, (c) 

alkane-terminated PLLA3, (d) alkyne-terminated PLLA3 and (e) L14V72L14
25 block copolymer. 

 

To introduce the desired azide functionality onto PVDF, bromine-terminated PVDF 

(2) was reacted with NaN3 (Scheme 2.1). Figure 2.4a presents the 1H-NMR 

spectrum of the resulting azide-terminated PVDF (3), in which the peaks 

corresponding to PVDF protons are marked with “V”. A clear upfield shift of the 
1H-NMR singlet from 4.76 to 4.67 ppm (Figure 2.3a,b) attributed to the methylene 
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protons, designated with “M”, is observed, indicating the full conversion from 

bromine to azide end-groups. Additional evidence for azide formation is the 

appearance of the characteristic absorption band at 2111 cm-1 in the FTIR 

spectrum assigned to N=N=N stretch vibrations[25,60] (Figure 2.5a,b).  

 

Figure 2.6 GPC traces of alkyne-terminated PLLA3 in THF (top) and azide-terminated PVDF18 

in DMF (bottom). 

 
Figure 2.7 Maldi-ToF spectrum of alkyne-terminated PLLA3. Sodium ions were used for 

cationization. 
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Contrary to the free radical polymerization of hydrocarbon alkenes, in which 

termination often occurs via combination and disproportionation (leading to broad 

dispersities), the benzoyl peroxide initiated polymerization of VDF generally results 

in well-defined products. Consequently, for the synthesized PVDF a polydispersity 

of 1.21 and number average molecular weight (Mn,GPC) of 18.3 kg·mol-1 was 

determined by GPC (Figure 2.6), confirming the controlled behavior of this radical 

VDF polymerization. In agreement with these values, end-group analysis based on 

the 1H-NMR spectrum, comparing the VDF backbone protons with the terminal 

aromatic protons, revealed a Mn,NMR of 19.1 kg·mol-1. The polymer will be referred 

to as PVDF18, where the superscript indicates the molecular weight in kg·mol-1 

measured by GPC. 

End-capped PLLA with an acetylene functionality (4) has been prepared via a 

similar strategy as reported for ROP of ε-caprolactone.[53] Bulk ROP of L-lactide 

catalyzed by Sn(Oct)2 was performed using hexynol as initiator (Scheme 2.1). In 

this way, a library of alkyne-terminated PLLA has been prepared (Table 2.1) by 

altering the ratio between monomer (M) and initiator (I). The molecular weight 

determined from the GPC curve (Mn,GPC) (Figure 2.6) is in excellent agreement with 

the theoretical predicted molar mass (Mn,theor) (Table 2.1) calculated from the 

[M]/[I] ratio. The low polydispersity (PDI) ranging from 1.05-1.13 indicates the 

controlled character of this ROP. 

The characteristic peaks for the PLLA backbone, designated with “L”, and end-

groups (assigned in the experimental section) are represented in the 1H-NMR 

spectrum of PLLA3 (Figure 2.4b). According to the 1:1 integral ratio of –C≡CH (1.96 

ppm) and – CH(CH3)OH (4.35 ppm) end-groups, each polymer chain contains an 

alkyne functionality. These findings were supported by the Maldi-ToF mass 

spectrum (Figure 2.7). The observed spacing between adjacent signals equals 144 

g·mol-1, the mass of one L-lactide unit. The second distribution of lower intensity 

corresponds to (n + 1/2) repeating units as a result of intermolecular 

transesterifications, that occur to a certain extent in ROP in the melt above 120 

°C.[61] The initiator rest of 98 g·mol-1 equals the molar mass of hexynol and 

therefore confirms the presence of the acetylene end-group. Moreover, the FTIR 

spectrum (Figure 2.5d) displays a characteristic band at 3290 cm-1 attributed to the 

terminal alkyne.[25,60] ROP of LLA with hexanol, instead of hexynol, led to PLLA 
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without alkyne end-group, and the corresponding spectrum (Figure 2.5c) 

consequently lacks the signal for C≡C–H stretch vibration.  

The click reaction between alkyne-terminated PLLA and azide-terminated PVDF 

was performed to obtain PLLA-b-PVDF-b-PLLA copolymers (5), as pointed out in 

Scheme 2.1. The recorded 1H-NMR spectrum of the final product (Figure 2.4c) 

reveals the expected signals corresponding to the PVDF and PLLA backbones. 

Additional analysis of the initial end-groups demonstrated a downfield shift from 

4.67 to 5.75 ppm for the methylene proton (Figure 2.3b,c; designated with “M”), 

indicating successful formation of the triazole ring during the coupling step. In fact, 

the singlet at 7.83 ppm, marked with a “T”, can be assigned to the triazole proton 

itself. Consequently, the resonance from the alkyne moiety at 1.96 ppm, observed 

in the spectrum of PLLA3, disappeared. Further evidence for triazole formation was 

obtained from the FTIR spectra presented in Figure 2.5, by monitoring the 

disappearance (Figure 2.5e) of the terminal azide (2111 cm-1) and alkyne (3290  

cm-1) signals present in the end-functionalized homopolymers (Figure 2.5b,d 

respectively). The CuAAC of PVDF18 with PLLA3, PLLA9 and PLLA12 led to the 

formation of three distinct double-crystalline triblock copolymers (Table 2.2). 

Molar mass determination with GPC in DMF or THF was unsuccessful due to 

aggregation of the block copolymers in the columns. The expected number 

average molecular weight (Mn) and weight fraction of PLLA (fPLLA) however can be 

calculated from the predetermined Mn of both homopolymers. To distinguish the 

synthesized copolymers, we use subscript to indicate the composition in weight 

percentage and superscript to designate the molecular weight. For instance, 

L14V72L14
25 corresponds to a triblock copolymer with a PLLA (L) weight fraction of 

0.28, PVDF (V) weight fraction of 0.72, and total molecular weight of 25 kg·mol-1. 

2.3.2 Structure and crystallization 

The crystallization behavior of the synthesized triblock copolymers was examined 

by studying their thermal behavior and morphology. The behavior of L29V42L29
43, 

L24V52L24
36 and L14V72L14

25 was investigated in comparison to their respective 

homopolymers and homopolymer blends. For the latter, bromine-terminated 

PVDF and alkane-terminated PLLA were used. The lack of reactive (alkyne and 

azide) end-groups excludes potential reactivity when heating above melting point 

during analysis. 
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Figure 2.8 DSC crystallization curves of (a) PVDF18 homopolymer, (b) PLLA9 homopolymer, 

(c) PVDF18/PLLA9 blend and (d) L24V52L24
36 triblock copolymer obtained during cooling from 

the melt with 10 °C/min. 

 

Figure 2.8 displays the DSC crystallization curves of PVDF and PLLA homopolymers, 

the corresponding homopolymer blend and L24V52L24
36 triblock copolymer. PVDF18 

and PLLA9 demonstrate a Tc of 146 and 114 °C respectively (Figure 2.8a,b). Their 

crystallization temperatures and degrees of crystallization are listed in Table 2.3, 

together with the values for the remaining PLLA homopolymers: PLLA3 and PLLA12. 

Two separated crystallization peaks are observed for the PVDF18/PLLA9 blend and 

L24V52L24
36 copolymer (Figure 2.8c,d), indicating the sequential crystallization of 

PVDF and PLLA. The Tc of PLLA in the block copolymer increased considerably 

(from 114 to 125 °C) in comparison to its parent PLLA homopolymer (Table 2.3). 

This behavior may be interpreted as a strong nucleation effect caused by the 

already crystallized PVDF block. The crystallization temperature of the PVDF block 

on the other hand showed a slight depression compared to the respective 

homopolymer. Similar behavior is observed for the homopolymer blend, in which 

the Tc,PLLA even increased up to 129 °C.  
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Table 2.3 Crystallization of homopolymers, homopolymer blends and block copolymers. 

 PLLA  PVDF
 

Product
a 

Tc
b
  

(° C) 

Xc
c 

(%)
 

 Tc
b 

(° C) 

Xc
c 

(%)
 

PVDF
18    146 59 

PLLA
3 108 49    

PLLA
9 114 51    

PLLA
12 114 53    

PVDF
18

/PLLA
3 113 46  140 59 

PVDF
18

/PLLA
9 129 54  142 43 

PVDF
18

/PLLA
12 129 55  140 38 

L14V72L14
25

 85 10  140 60 

L24V52L24
36

 125 29  141 62 

L29V42L29
43

 128 42  140 60 
 a Bromine-terminated PVDF and alkane-terminated PLLA were used for measurement of 

homopolymers and blends. The lack of reactive (alkyne and azide) end-groups excludes 

potential reactivity when heating above melting point during analysis. b Determined from 

DSC thermograms. c Calculated using the following equation: Xc = (ΔHc/(f·ΔH100)) · 100%. 

ΔHc,PVDF and ΔHc,PLLA were determined from DSC thermograms, fPVDF and fPLLA are derived 

from Table 2.2, ΔH100,PVDF = 104.5 J/g and ΔH100,PLLA = 93.0 J/g.[62]  

 

The degree of crystallization (Xc) for all samples was calculated from the 

crystallization enthalpy (Table 2.3), taken into consideration the enthalpy for fully 

crystallized PLLA and PVDF (and the block fraction in case of block copolymer 

samples). The Xc of the PLLA block within the block copolymer was strongly 

depressed (i.e. 22%) with respect to PLLA homopolymer. This again confirms the 

influence of PVDF over PLLA crystallization. PLLA domains are confined, i.e. 

trapped, within the crystalline PVDF matrix, and consequently the crystallization of 

the lower temperature block is hindered. Similar depressions were observed in 

PLLA-b-PEO block copolymer systems.[17] On the other hand, the PVDF18/PLLA9 

blend demonstrated a similar degree of PLLA crystallization as the parent PLLA 

homopolymer. Within the blend, PLLA is not trapped in the PVDF matrix, and its 

crystallization is not influenced by the higher temperature block apart from the 

above described nucleation effect. The degree of crystallization of the PVDF block 

is not different from the homopolymer, witnessed by similar values for the Xc,PVDF 
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(Table 2.3). PVDF crystallizes first from the melt, and its crystallization is 

apparently hardly influenced by the molten PLLA blocks, apart from the slight 

depression of Tc.  

 
Figure 2.9 WAXS patterns of (a) PVDF18 homopolymer, (b) PLLA9 homopolymer and (c) 

L24V52L24
36 triblock copolymer recorded at room temperature after crystallization from the 

melt. 

 
Figure 2.10 WAXS patterns of (a) L24V52L24

36 cast from DMF solution and (b) L24V52L24
36 

crystallized from the melt. 



 
 

Sequential crystallization of PLLA-b-PVDF-b-PLLA copolymers 

 

59 

 
Figure 2.11 2D-WAXS pattern of L24V52L24

36 triblock copolymer recorded at room 

temperature after crystallization from the melt. 

 

The crystallinity of both blocks was confirmed by wide-angle X-ray experiments. 

Figure 2.9 compares the WAXS intensity profile of L24V52L24
36 copolymers with that 

of PVDF18 and PLLA9 homopolymers, recorded after crystallization from the melt. 

Both characteristic PVDF and PLLA reflections (Figure 2.9a,b) are visible in the 

block copolymer sample (Figure 2.9c). For example, the intense scattering peak at 

q = 11.8 nm-1 corresponds to the (110) and (200) reflections of PLLA. The signal at 

14.1 nm-1 is attributed to the (110) crystal plane of α-phase PVDF. The non-polar α-

polymorph of PVDF is formed during crystallization from the melt (Figure 2.10a). 

However, the polar β-crystalline phase, known for its piezo- and ferroelectric 

behavior, was initially formed after solvent-casting from DMF solution, confirmed 

by the presence of the characteristic (110)/(200) reflections of β-phase PVDF at 

14.3 nm-1 (Figure 2.10b). The 2-dimensional scattering pattern of the double-

crystalline block copolymer at wide-angle, depicted in Figure 2.11, reveals the 

large amount of reflections arising from both crystallized blocks. 

The resulting superstructures of isothermally crystallized PVDF and PLLA 

homopolymers, PVDF18/PLLA9 blend and L24V52L24
36 block copolymer are depicted 

in Figure 2.12. Both homopolymers present a clear spherulitic microstructure 

between crossed polarizers (Figure 2.12a,b), with the typical Maltese cross in the 

birefringence pattern. As expected, the homopolymer blend reveals a macrophase 

separated system consisting of both PVDF and PLLA domains (Figure 2.12c). 

Contrary, the optical micrograph of L24V52L24
36 (Figure 2.12d) demonstrates a single 

spherulitic microstructure comparable to its parent homopolymers. Similar 

superstructures were observed for isothermally crystallized double-crystalline 

PLLA-b-PCL copolymers,[16] and indicate crystallization from a homogeneous or 

weakly segregated melt. When stronger thermodynamic segregation between the 

blocks is present, the phenomenon of break-out is more difficult and more 

distorted microstructures are obtained,[11,21] as observed in Chapter 3. 
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Figure 2.12 POM images of (a) PVDF18 isothermally crystallized at 145 °C, (b) PLLA9 

isothermally crystallized at 125 °C, (c) PVDF18/PLLA9 blend isothermally crystallized at 145 

°C and (d) L24V52L24
36 block copolymer isothermally crystallized at 145 °C. All images were 

recorded at room temperature. 

 

A miscible melt system was observed for L24V52L24
36 (and all other block copolymer 

samples) during temperature-resolved small-angle X-ray experiments (Figure 

2.13b). Such a single phase in the melt is observed for crystalline-amorphous 

PVDF-containing block copolymers as well (Chapter 4 and 5). Upon cooling from 

the homogeneous melt, microphase separation occurs driven by crystallization. 

Hence, the SAXS intensity profile of L24V52L24
36 recorded at room temperature 

(Figure 2.13a), after crystallization from the melt, reveals a diffraction pattern with 

a q ratio of 1:2. The integer ratio of q at the scattering maxima indicates a lamellar 

morphology. Since structure formation in the sample is driven by crystallization, 

the nanostructure most probably consists of alternating crystalline PVDF and PLLA 

domains. The lamellar domain spacing of 24 nm was calculated from the first-

order reflection at q* = 0.26 nm-1. TEM experiments confirm the lamellar 

nanostructure of the block copolymer (Figure 2.14), and the observed length scale 

corresponds with the calculated domain spacing.  
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Figure 2.13 SAXS patterns of L24V52L24

36 triblock copolymer recorded (a) at 25 °C after 

crystallization from homogeneous melt and (b) in the melt state at 200 °C.  

 

 
Figure 2.14 Bright-field TEM image of the lamellar nanostructure in L24V52L24

36 triblock 

copolymer. 
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Figure 2.15 DSC crystallization curves of (a) L29V42L29

43, (b) L24V52L24
36 and (c) L14V72L14

25 

triblock copolymers obtained during cooling from the melt with 10 °C/min. The inset in (c) 

demonstrates the fractionated crystallization of L14V72L14
25.  

 

In Figure 2.15, DSC cooling scans of all three synthesized PLLA-b-PVDF-b-PLLA 

copolymers are compared. The crystallization temperature and degree of 

crystallization of the PVDF component remain constant, with values around 140 °C 

and 60% respectively (Table 2.3). On the other hand, the crystallization behavior of 

the PLLA block depends strongly on the block composition. The Tc,PLLA of L29V42L29
43 

triblock copolymer with PLLA content up to 58% is determined to be 128 °C (Figure 

2.15a). The crystallization temperature of the lower temperature block has 

increased significantly compared to that of the respective PLLA homopolymer, 

supposedly due to a nucleation effect caused by the PVDF phase. Similar results 

were already discussed for L24V52L24
36 (Figure 2.8d = Figure 2.15b). Contrary, a very 

strong depression of Tc,PLLA is found in the L14V72L14
25 triblock copolymer (Figure 

2.15c, inset), in which PLLA is the minor block with a content of only 27%. This 

fractionated crystallization is a consequence of confined crystallization of the PLLA 

component within the previously formed PVDF matrix, and has been encountered 

before for various other double-crystalline block copolymer systems.[12,15] When 

the PLLA fraction is low enough, PLLA chains are confined to crystallize within the 
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separately nanoscopic scale between the crystalline PVDF lamellae. Consequently, 

PLLA crystallization occurs at large supercooling, i.e. 85 °C (Table 2.3). 

Considering the degree of crystallization, all block copolymer samples demonstrate 

a decrease of Xc,PLLA values with respect to their parent homopolymers PLLA3, PLLA9 

and PLLA12 (Table 2.3), indicating the influence of crystallized PVDF that hinders 

the PLLA crystallization. The effect is most pronounced for L14V72L14
25, containing 

the lowest content of PLLA, in which a very large depression up to 39% is obtained. 

The observed trend with composition further confirms the role of confinement 

upon PLLA crystallization. In contrast, the degree of PVDF crystallization is constant 

with composition (Table 2.3). Supposedly, the crystallization of the higher 

temperature block is not influenced by the molten PLLA chains, regardless of their 

length. 

 

 
Figure 2.16 WAXS patterns of (a) L24V52L24

36 and (b) L14V72L14
25 triblock copolymers as 

function of temperature during cooling from the melt with 10 °C/min. 

 

Temperature-resolved WAXS experiments were performed to further investigate 

the crystallization of both blocks from the melt, since this is known to be a 

valuable method to assign DSC peaks to the corresponding crystalline 

components. Equal to DSC analysis, cooling rates of 10 °C/min were employed. 

Figure 2.16a displays WAXS patterns of L24V52L24
36 as function of temperature 

during cooling from 180 to 60 °C. Complementary to the DSC curve in Figure 2.15b, 

crystallization of PVDF occurs at 140 °C, while PLLA starts to crystallize at 125 °C, 

confirming the sequential crystallization of both blocks. On the other hand, 

crystallization of the lower temperature PLLA block in the L14V72L14
25 copolymer 
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occurs at large supercooling around 85 °C according to the temperature-resolved 

WAXS intensity profiles in Figure 2.16b. These results confirm the fractionated 

crystallization phenomenon observed in the DSC cooling scan (Figure 2.15c). 

Furthermore, the low intensity of the characteristic PLLA scattering peak at q = 

11.8 nm-1 confirms the low degree of crystallization of the PLLA block for this 

particular triblock copolymer sample. 

 

  

  

  
Figure 2.17 POM images during isothermal crystallization: (a) L29V42L29

43 after 5 min at  

145 °C, (b) L29V42L29
43 after 5 min at room temperature, (c) L24V52L24

36 after 5 min at 145 °C, 

(d) L24V52L24
36 after 5 min at room temperature, (e) L14V72L14

25 after 5 min at 145 °C and (f) 

L14V72L14
25 after 5 min at room temperature. 
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To study the formation of the block copolymer microstructure with POM in more 

detail, L29V42L29
43, L24V52L24

36 and L14V72L14
25 were isothermally crystallized at 145 °C 

between crossed polarizers (Figure 2.17a,c,e respectively), allowing crystallization 

of the higher temperature PVDF block only. L29V42L29
43 revealed a disordered 

crystalline structure (Figure 2.17a), supposedly due to the large content of molten 

PLLA, hindering the formation of ordered spherulites. On the other hand, clear 

spherulitic superstructures were observed for L24V52L24
36 and L14V72L14

25 (Figure 

2.17c,e). At 145 °C, the spherulites are most probably composed of PVDF 

crystalline lamellae and interlamellar regions consisting of a mixture of PVDF and 

PLLA chains in the amorphous state. Subsequently, the temperature was lowered 

to room temperature, and PLLA crystallization occurred (Figure 2.17b,d,f). The 

morphology remains invariable during crystallization of the lower temperature 

block, as PLLA crystallizes in a confined fashion within the interlamellar regions of 

the previously formed PVDF spherulites that act as template. As a result, only 

changes in the degree of brightness and color are obtained in the birefringence 

pattern of L29V42L29
43 and L24V52L24

36 (Figure 2.17b,d respectively). Similar results 

have been reported for PLLA-b-PCL diblock copolymers.[16] On the other hand, no 

clear change can be observed in the optical micrograph of L14V72L14
25 after PLLA 

crystallization (Figure 2.17f). DSC and WAXS experiments already indicated a very 

low degree of crystallization for the lower temperature block in this sample 

(respectively in Figure 2.15c and Figure 2.16b), and the effect is apparently too 

small to be observed in POM. 

2.4 Conclusion 

The preparation and crystallization of poly(L-lactide)-block-poly(vinylidene 

fluoride)-block-poly(L-lactide) copolymers, composed of two crystallizable 

components, has been discussed. The synthesis route towards this product 

involved ring opening polymerization of L-lactide, benzoyl peroxide initiated 

polymerization of vinylidene fluoride, and subsequential “clicking” of the tailored 

PLLA and PVDF performing copper(I)-catalyzed azide-alkyne cycloaddition. As a 

result, three distinct triblock copolymers having different block ratios were 

successfully prepared.  

The double-crystalline block copolymers form a single phase in the melt, however 

upon cooling microphase separation driven by crystallization leads to an ordered 
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lamellar morphology at the nanoscale. The β-polymorph of PVDF, well-known for 

its ferroelectric and piezoelectric properties, was initially observed in the block 

copolymer films after solvent-casting from DMF, while the α-phase was obtained 

when crystallized from the melt. 

Two separated crystallization temperatures were obtained due to the sequential 

crystallization of PVDF and PLLA. The crystallization behavior of the lower 

temperature crystallizing PLLA was strongly influenced by the block composition. 

The crystallization temperature of the PLLA block increased considerably for rather 

symmetric block copolymers (49 and 58% PLLA) compared to the respective 

homopolymers, indicating a nucleation effect caused by the crystallized PVDF 

phase. Contrary, a tremendous depression of Tc,PLLA was observed for asymmetric 

block copolymers with minor PLLA content (27%), due to a confined crystallization 

process referred to as fractionated crystallization. The degree of crystallization of 

PLLA was significantly decreased in all block copolymers with respect to the parent 

PLLA homopolymers, indicating the influence of the crystallized PVDF phase that 

traps (i.e. confines) the crystallization of the lower temperature block. In contrast, 

crystallization of the PVDF block was hardly influenced, demonstrated by the 

constant values of Tc,PVDF and Xc,PVDF. The confined crystallization of PLLA was 

confirmed by microstructural analysis during isothermal crystallization. PLLA 

crystallizes within the interlamellar regions of the preformed PVDF spherulites. 

The morphology obtained during PVDF crystallization remains therefore identical 

upon crystallization of PLLA at lower temperatures.  

PLLA-b-PVDF-b-PLLA copolymers may be used as precursors to prepare well-

ordered nanoporous PVDF by selective removal of the PLLA blocks. Resulting PVDF 

nanofoams can demonstrate strong piezoelectricity and may find application in 

loudspeakers, keypads and hydrophones.  
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The preparation of poly(3-hexylthiophene)-block-poly(vinylidene fluoride)-block-

poly(3-hexylthiophene) (P3HT-b-PVDF-b-P3HT) is achieved through Grignard 

metathesis polymerization of 3-hexylthiophene and benzoyl peroxide initiated 

polymerization of vinylidene fluoride, followed by copper(I)-catalyzed azide-

alkyne cycloaddition of the tailored P3HT and PVDF. A microphase separated 

melt was observed and confined crystallization of P3HT and PVDF occurred 

within the phase separated domains. The crystalline-crystalline triblock 

copolymers demonstrated rich phase behavior, leading to structural hierarchy at 

multiple length scales: from block copolymer microphase separation and 

semicrystalline P3HT lamellae, to lamellar packing of hexyl side chains and π-π 

stacking of polythiophene backbones. 
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3.1 Introduction 

Driven by their ability to self-assemble into a wide range of morphologies on the 

nanoscale, block copolymers have been employed as building blocks for the 

fabrication of well-ordered nanomaterials. Microphase separation of AB-type 

diblock copolymers typically leads to spherical, cylindrical, gyroid or lamellar 

nanostructures, depending on the volume fractions of both block segments.[1-6] 

More complex chain architectures give rise to the formation of even more 

fascinating morphologies. For instance, a vast variety of superlattice structures has 

been predicted by theory and discovered experimentally in linear ABC triblock 

copolymers due to the introduction of a third component.[7-10] Remarkable 

Archimedean tiling patterns were reported in case of star-shaped ABC terpolymers 

having a single junction point.[11-12] 

The combination of self-assembly at different length scales leads to structure-in-

structure formation.[13-15] So-called hierarchical structures with double periodicity 

have been observed for the first time in supramolecules consisting of poly(styrene-

block-4-vinylpyridine) (PS-b-P4VP) diblock copolymers and short pentadecyl 

phenol (PDP) side chains hydrogen-bonded to the pyridine blocks.[16-17] This 

resulted in the formation of lamellar-in-lamellar and cylindrical-in-lamellar 

morphologies.[17] An alternative approach to introduce hierarchy on the nanoscale 

involves binary multiblock copolymers with two-length-scale molecular 

architectures.[12,14] Contrary to the previous system, just two chemically different 

species are sufficient to obtain hierarchically ordered structures. Experimental 

examples concern S-[I-S-I-S-I-S-I-S-I]-S undecablock copolymers[18] composed of 

polystyrene (S) and polyisoprene (I) and S-[HS-S-HS-S-HS-S]-HS octablock 

copolymers[19] composed of polystyrene and poly(para-hydroxy styrene) (HS). In 

both cases, the linear multiblock copolymers consist of two large end blocks and 

multiple short middle blocks, and their self-assembly resulted in lamellar-in-

lamellar morphologies with parallel double periodicity.  

The introduction of crystallizable segments in block copolymers may strongly 

influence the structure due to the competition between microphase separation 

and crystallization.[20-21] Depending on the glass transition temperature (Tg), 

crystallization temperature (Tc), order-disorder transition temperature (TODT) and 

segregation strength, many different morphologies can be obtained. 
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Crystallization can be confined within the block copolymer microdomains in case 

of strongly segregated melts, while crystallization can dominate the structure 

formation for weakly segregated or homogeneous melt systems through breakout. 

Crystalline-amorphous block copolymers composed of both amorphous and 

crystallizable blocks received most attention.[20-22] In block copolymers with all-

crystallizable segments, i.e. double-crystalline block copolymers, the competition 

in crystallization between the different components may also affect the structure 

formation.[23] PLLA-b-PVDF-b-PLLA, described in Chapter 2, is an example of a 

double-crystalline block copolymer. In this chapter, the preparation and 

hierarchical structure formation of double-crystalline poly(3-hexylthiophene)-

block-poly(vinylidene fluoride)-block-poly(3-hexylthiophene) (P3HT-b-PVDF-b-

P3HT) will be discussed. 

Poly(vinylidene fluoride) (PVDF) is an exceptional member of the fluoropolymer 

family, due to the piezo-, pyro- and ferroelectric character of the β-crystalline 

phase that arises from the strong dipole along the polymeric chain.[24-25] Combined 

with its high thermal stability and chemical inertness, PVDF offers great potential 

for application in actuators, electronics and energy harvesting devices.[26] 

Copolymerization of vinylidene fluoride with other fluoromonomers resulted in 

various commercial products, ranging from thermoplastics and elastomers to 

thermoplastic elastomers.[27] Apart from these fluorinated random copolymers, 

well-architectured block copolymers containing PVDF segments have attracted 

attention.[27]  

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

materials with excellent properties as described above. Even though controlled 

radical polymerization methods commonly employed in block copolymer synthesis 

cannot be applied easily to the polymerization of fluorinated olefins,[28] several 

well-defined PVDF-containing block copolymers have been prepared via 

alternative methods. For instance, chlorine-terminated PVDF, prepared via a 

radical polymerization of VDF initiated by chloromethyl benzoyl peroxide, has 

been employed to initiate the atom transfer radical polymerization (ATRP) of 

styrene.[29] A similar macroinitiator has also been used to synthesize a macro-chain 

transfer agent suitable for reversible addition-fragmentation transfer (RAFT) 

polymerization, leading to PVDF-containing triblock copolymers with ionic liquid 

segments.[30] In addition, techniques as iodine transfer polymerization (ITP)[31-32] 
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and macromolecular design via the interchange of xanthates (MADIX)[33-35] were 

performed to prepare other PVDF-based block copolymers. Recently, a click 

reaction involving the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) of 

azide-functionalized PVDF and alkyne-functionalized PS was performed to obtain 

PVDF-b-PS copolymers.[36] Nowadays, several synthetic strategies towards block 

copolymers with PVDF segments have been developed, however their 

crystallization and self-assembled structures received only little attention. 

The popularity of conjugated poly(3-hexylthiophene) (P3HT) can be ascribed to its 

thermal and environmental stability, good processability and excellent electronic 

properties.[37-38] Therefore, this semiconducting polymer offers great potential for 

organic (opto)electronic devices, such as field-effect transistors and organic 

photovoltaics.[38] For instance, one of the most successful polymer-based solar cell 

systems in terms of efficiency contains blends of P3HT and phenyl-C61-butyric acid 

methyl ester (PCBM).[39] To a lesser extent, the magnetic behavior in P3HT has also 

been investigated. Room temperature ferromagnetism was reported for P3HT 

partially doped with perchlorate (to introduce unpaired spins)[40-41] and P3HT 

blended with PCBM.[42] In addition, ferromagnetic behavior was demonstrated in 

several substituted poly(thiophene)s in their neutral state at 5K.[43-44]  

Both semiconducting[45] and magnetic[44] properties are dependent on the extent 

of regioregularity in the polythiophene backbone. The large scale synthesis of 

regioregular P3HT, in which the polymer microstructure contains almost 

exclusively head-to-tail couplings, at room temperature became available by the 

development of Grignard metathesis (GRIM) polymerization by McCullough’s 

group in 1999.[46-47] In GRIM polymerization, 2,5-dibromo-3-hexylthiophene reacts 

with an alkyl Grignard reagent to generate a mixture of regioisomers, and 

subsequent introduction of a catalytic amount of Ni(dppp)Cl2 affords poly(3-

hexylthiophene) with typically 98% head-to-tail couplings due to catalyst 

selectivity.[47] This cross-coupling polymerization proceeds through a quasi-living 

chain growth mechanism, leading to well-defined molecular weights and narrow 

polydispersities.[48]  

Besides regioregularity of the chains, the supramolecular organization and 

morphology can affect the properties of poly(3-alkylthiophene)s as well.[41,44,49] 

Hence, the crystallization of P3HT has been the subject of several  

investigations.[49-53] X-ray diffraction demonstrated that the crystalline poly(3-
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hexylthiophene) structure involves two-dimensional sheets of π-stacked P3HT 

backbones separated by alkyl side chain layers.[50-51] Brinkmann and co-workers 

uncovered an additional degree of order, namely the periodic alternation of 

crystalline lamellae separated by amorphous interlamellar zones, representing the 

semicrystalline superstructure of P3HT.[52] In samples with higher molecular weight 

P3HT, they observed interconnection of the crystalline lamellae, and this enhanced 

connectivity may account for the increase in charge carrier mobility.[54] 

The ´living’ character of the GRIM polymerization allows the preparation of end-

functionalized P3HT. For instance, alkyne-terminated P3HT was successfully 

prepared by the addition of ethynylmagnesium bromide to the Ni-terminated 

P3HT synthesized by GRIM.[55] The facile in situ end-group functionalization 

triggered the development of various P3HT-based block copolymers with 

improved or modified properties with respect to P3HT homopolymers.[37-38] Several 

groups used vinyl- and allyl-terminated P3HT as precursor to synthesize P3HT-

containing diblock copolymers via ATRP, RAFT, nitroxide-mediated polymerization 

(NMP) and even anionic polymerization.[56-58] Another convenient approach 

involving click chemistry was introduced by Urien and co-workers, who 

synthesized a series of di- and triblock copolymers from ethynyl-terminated P3HT 

and azide-capped PS using azide-alkyne cycloaddition.[59] This approach was 

adopted to obtain a broad range of P3HT-based rod-coil block copolymers,[60-62] 

which can find potential application in field-effect transistors and organic solar 

cells. 

In general, the self-assembly of block copolymers having P3HT segments is 

dictated by the crystallization of P3HT. The reported block copolymers often reveal 

a nanofibrillar morphology similar to regioregular P3HT homopolymers.[57,63-64] 

Many studies consider the block copolymer phase separation in thin films,[38] while 

investigations considering equilibrium structures in the bulk are scarce. 

Nevertheless, conventional spherical, cylindrical and lamellar morphologies have 

been detected in bulk samples of poly(3-hexylthiophene)-block-poly(2-

vinylpyridine) for P3HT weight fractions below 50%.[58]  

A few reports discuss the phase behavior of double-crystalline block copolymers, 

composed of P3HT and a secondary crystallizable component. Crystalline-

crystalline block copolymers consisting of polyethylene (PE) and P3HT were 

developed in order to obtain tough semiconducting materials for flexible organic 
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electronics.[65] Crystallization from both solution[66] and melt phase[67] has been 

studied, and rich phase behavior was observed. Solidification of P3HT prior to the 

insulating PE was demonstrated to be beneficial for inducing good electronic and 

mechanical properties.[66] The competition between microphase separation and 

crystallization was investigated for all-conjugated double-crystalline 

poly(phenylene)-block-poly(thiophene) diblock copolymers.[68] By altering the 

block composition and the annealing process, the authors were able to tune this 

competition, thereby observing both confined and breakout crystallization 

phenomena. Another example of confined crystallization was reported for high 

molecular weight crystalline-liquid crystalline block copolymers.[69] The high molar 

mass of both P3HT and poly(perylene bisimide acrylate) (PPerAcr) blocks ensured a 

high χN value and consequently microphase separation in the melt. Upon cooling, 

confined crystallization occurred inside the phase separated domains without 

destroying the microphase order, and typical lamellar and cylindrical morphologies 

were realized consistent with the respective volume fractions. 

 

 
Scheme 3.1 Synthesis route towards azide-terminated PVDF, alkyne-terminated P3HT and 

P3HT-b-PVDF-b-P3HT triblock copolymer. 
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This chapter reports the synthesis and self-assembly of a novel ABA block 

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

hexylthiophene) (P3HT-b-PVDF-b-P3HT). Copper(I)-catalyzed azide-alkyne coupling 

of PVDF with P3HT telechelics is carried out to obtain well-defined triblock 

copolymers (Scheme 3.1). Moreover, the self-assembly into hierarchical structures 

has been studied. Considering the reported properties of PVDF and P3HT, P3HT-b-

PVDF-b-P3HT is a potential multiferroic material consisting of both fully organic 

ferroelectric and ferromagnetic segments. The resulting well-ordered 

nanostructured materials may find application in data storage devices and 

magnetic field sensors.[70-72] 

3.2 Experimental 

3.2.1 Materials 

Oxalyl chloride (Acros, 98%), α-bromo-p-toluic acid (Acros, 97%), lithium peroxide 

(Li2O2, Acros, 95%), vinylidene fluoride (VDF, Synquest Labs, 98%), sodium azide 

(NaN3, Aldrich, 99.5+%), 2,5-dibromo-3-hexylthiophene (Aldrich, 97%), 

isopropylmagnesium chloride (i-PrMgCl, Acros, 2.0M in THF), [1,3-

bis(diphenylphosphino)propane]dichloronickel(II) (Ni(dppp)Cl2, Aldrich), 

ethynylmagnesium bromide (Aldrich, 0.5 M in THF), copper(I) bromide (CuBr, 

Aldrich, 98+%) and 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA, Acros, 

99+%) were used as received. All solvents used were of analytical grade. 

3.2.2 Synthesis of azide-terminated PVDF (3) 

Step 1. Oxalyl chloride (2.2 mL, 25 mmol) and a few drops of anhydrous DMF were 

added to a stirred suspension of α-bromo-p-toluic acid (5.0 g, 23 mmol) in 25 mL 

of anhydrous DCM at 0 °C. After reacting for 2 h at room temperature, the solvent 

was removed by rotary evaporation. The remaining yellow residue was 

immediately dissolved in 50 mL n-hexane/Et2O (1:1). The resulting solution was 

slowly added via a droplet funnel to a rapidly stirred 25 mL aqueous solution of 

Li2O2 (1.3 g, 30 mmol) at 0 °C. After reacting for 2 h at room temperature, the 

reaction mixture was diluted with 250 mL chloroform and washed twice with 200 

mL H2O. The aqueous phase was extracted twice with 100 mL chloroform. The 

combined organic phases were dried over MgSO4 and chloroform was 

subsequently removed by rotary evaporation. The remaining white solid was 
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recrystallized from chloroform, yielding white needle-shaped crystals of 4-

(bromomethyl)benzoyl peroxide (1). 1H-NMR (400 MHz, DMSO-d6, δ): 8.02 (d, 4H, 

–ArH), 7.70 (d, 4H, –ArH), 4.80 (s, 4H, –PhCH2Br). 

Step 2. A solution of (1) (1.0 g, 2.4 mmol) in 300 mL of anhydrous acetonitrile was 

added to a pressure reactor (Figure 2.1: Parr Instruments, model 4568). The vessel 

was closed and purged with N2 for 30 min to degas the mixture. Subsequently, the 

reactor was charged with an initial pressure of 20 bar VDF, heated to 90 °C and 

stirred at 500 rpm. After reacting for 30 min, the vessel was cooled down to room 

temperature and depressurized. The reaction mixture was cooled to 0 °C, and the 

precipitate was collected by filtration. The remaining solid was washed with 

acetonitrile and chloroform. Reprecipitation was carried out from DMF in 

MeOH/H2O (1:1), and the collected white solid was dried in vacuo at 40 °C to yield 

bromine-terminated PVDF (2). 1H-NMR (400 MHz, THF-d8, δ): 8.03 (d, –ArH), 7.55 

(d, –ArH), 4.61 (s, –PhCH2Br), 4.61 (m, –COOCH2CF2–), 2.84 (m, –CF2CH2–CF2CH2–, 

head-to-tail), 2.30 (m, –CF2CH2–CH2CF2–, tail-to-tail).  

Step 3. NaN3 (53 mg, 0.82 mmol) was added to a solution of (2) (Mn,GPC = 15.9 

kg·mol-1, 1.0 g, 0.063 mmol) in DMF. The reaction mixture was stirred at 60 °C 

overnight, and subsequently precipitated in H2O and washed with H2O and EtOH. 

The collected dark-yellow solid was dried in vacuo at 40 °C to yield azide-

terminated PVDF (3). 1H-NMR (400 MHz, THF-d8, δ): 8.08 (d, –ArH), 7.49 (d, –ArH), 

4.61 (m, –COOCH2CF2–), 4.49 (s, –PhCH2N3), 2.84 (m, –CF2CH2–CF2CH2–, head-to-

tail), 2.30 (m, –CF2CH2–CH2CF2–, tail-to-tail).  

3.2.3 Synthesis of alkyne-terminated P3HT (4) 

A typical procedure for the Grignard metathesis polymerization of 3-

hexylthiophene is as follows: 2,5-dibromo-3-hexylthiophene (0.33 ml, 1.53 mmol) 

and 12 ml of anhydrous THF were added using degassed syringes to a dried round-

bottom flask, followed by the addition of i-PrMgCl (0.76 mL, 1.53 mmol) via a 

degassed syringe. The flask was heated for 2 h at 50 °C. After cooling to room 

temperature, the polymerization was initiated by adding Ni(dppp)Cl2 (34 mg, 0.062 

mmol) to the yellow solution. Ethynylmagnesium bromide (0.40 ml, 0.20 mmol) 

was added via a degassed syringe to the red reaction mixture after 10 min, 

followed by 30 mL MeOH after an additional 5 min. The purple solid was isolated 

via filtration and washed thrice with MeOH. The remaining product was dissolved 
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in chloroform, filtrated, reprecipitated in MeOH and dried in vacuo at room 

temperature, yielding dark-purple alkyne-terminated P3HT (4) (Table 3.1). The 

product was stored at -18 °C. 1H-NMR (400 MHz, THF-d8, δ): 7.08 (s, –ThH), 4.07 (s, 

HC≡C–), 2.85 (t, –ThCH2CH2CH2CH2CH2CH3), 1.73 (m, –ThCH2CH2CH2CH2CH2CH3), 

1.46-1.37 (m, –ThCH2CH2CH2CH2CH2CH3), 0.92 (t, –ThCH2CH2CH2CH2CH2CH3). 

P3HT without alkyne functionality was prepared via the same procedure using HCl, 

instead of ethynylmagnesium chloride, to quench the reaction.  

 

Table 3.1 Conditionsa and characteristics of alkyne-terminated P3HT homopolymers. 

Entry [cat] 

(mM) 

[M] 

(mM) 

Mn,theor
b 

(kg·mol
-1

) 

Mn,GPC
c 

(kg·mol
-1

) 

PDI
c 

P3HT
3 5.8 118 3.4 3.2 1.22 

P3HT
4 4.8 118 4.2 3.7 1.18 

P3HT
5 3.8 118 5.2 4.6 1.12 

a 
T = 25 °C; t = 10 min; [i-PrMgCl] = 118 mM; [ethynyl-MgBr] = 15 mM. b Determined 

from [M]/[cat] ratio. c Determined by GPC of precipitated product in THF. 

 

3.2.4 Synthesis of P3HT-b-PVDF-b-P3HT (5) 

A typical procedure for CuAAC of PVDF and P3HT is as follows: CuBr (14 mg, 0.10 

mmol), (3) (Mn,GPC = 15.9 kg·mol-1, 100 mg, 6.3 µmol) and (4) (Mn,GPC = 3.7 kg·mol-1, 

75 mg, 20 µmol) were added to a dried round-bottom flask, followed by a 

degassing procedure (i.e. evacuating and backfilling three times with N2). 5.0 mL of 

anhydrous DMF was added via a degassed syringe, followed by PMDETA (0.031 

mL, 0.15 mmol), and the reaction was stirred for 3 days at 70 °C. The mixture was 

precipitated in MeOH/H2O (1:1) and washed with MeOH/H2O (1:1) and MeOH. The 

remaining product was thoroughly rinsed with chloroform to remove unreacted 

P3HT homopolymers, yielding dark-purple P3HT-b-PVDF-b-P3HT (5) (Table 3.2). 1H-

NMR (400 MHz, THF-d8, δ): 8.03 (d, –ArH), 7.45 (d, –ArH), 7.08 (s, –ThH), 5.73 (s,  

–PhCH2Tr–), 4.61 (m, –COOCH2CF2–), 2.84 (m, –CF2CH2–CF2CH2–, head-to-tail), 2.84 

(t, –ThCH2CH2CH2CH2CH2CH3), 2.30 (m, –CF2CH2–CH2CF2–, tail-to-tail), 1.73 (m,  

–ThCH2CH2CH2CH2CH2CH3), 1.46-1.37 (m, –ThCH2CH2CH2CH2CH2CH3), 0.92 (t,  

–ThCH2CH2CH2CH2CH2CH3). 
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Table 3.2 Conditionsa and characteristics of P3HT-b-PVDF-b-P3HT triblock copolymers. 

Entry P3HT 

polymer 

[P3HT] 

(mM) 

[PVDF] 

(mM) 

Mn
 

(kg·mol
-1

) 

fP3HT
 

1 P3HT3 4.0 1.6 22.3 0.28 

2 P3HT4 4.0 1.3 23.3 0.32 

3 P3HT5 4.0 1.6 25.1 0.37 
a [PMDETA] = 1.5·[CuBr] = 30 mM; T = 70 °C; t = 3 days. 

 

3.2.5 Preparation of block copolymer films 

A 0.5% w/w solution of P3HT-b-PVDF-b-P3HT in THF was stirred for at least 2 h at 

60 °C. The solution was filtered and subsequently poured into a glass Petri dish. 

The solvent was allowed to evaporate and the film was subsequently annealed in 

solvent vapor at room temperature for two weeks, yielding a dark-purple film with 

a thickness of ca. 20 µm.  

3.2.6 Characterization 

Differential scanning calorimetry (DSC) was carried out using a TA Instruments 

Q1000 in N2 atmosphere. Samples of approximately 5 mg were encapsulated in 

aluminum pans, and during the measurement a heating/cooling rate of 10 °C/min 

was applied.  

Polarized optical microscopy (POM) was conducted on a Zeiss Axiophot and 

samples were placed between crossed polarizers. Thin films were prepared 

between microscope cover slips by melting the polymer at 240 °C, and 

subsequently cooled in a Mettler FP82HT hot stage to room temperature prior to 

imaging. To enhance the contrast, a λ wave plate was inserted between the 

polarizers.  

Wide-angle X-ray scattering (WAXS) and Small-angle X-ray scattering (SAXS) were 

performed at the Dutch-Belgium Beamline (DUBBLE) station BM26B of the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, France.[73-74] The 

sample-detector distance of the SAXS set-up was ca. 5 m, while the X-ray 

wavelength was 1.03 Å. The scattering vector q is defined as q = 4π/λsinθ with 2θ 

being the scattering angle. Temperature-resolved measurements were performed 

using a Linkam DSC 600 cell.  
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Additional SAXS experiments were performed at the University of Groningen using 

an advanced NanoStar setup, i.e. an assembly of a NanoStar camera and a 

Microstar X-ray generator (both by Bruker AXS). The sample-detector distance was 

ca. 24 cm. The parameters of the rotating anode X-ray generator were 45 kV and 

60 mA, the flux of the primary X-ray beam at the sample position was estimated to 

be 8·108 photons·s-1mm-2 and the size of the beam was about 0.4 mm in diameter. 

Temperature-resolved measurements were performed using an Anton Paar TCU50 

temperature control unit. 

Bright-field transmission electron microscopy (TEM) was carried out on a Philips 

CM12 transmission electron microscope operating at an accelerating voltage of 

120 kV. Prior to embedding, pieces of the film were thermally annealed in the DSC 

using the following procedure: heating to 240 °C with 10 °C/min, annealing at 240 

°C for 1 min, cooling to 20 °C with 10 °C/min. TEM samples were prepared as 

follows: ultrathin sections (ca. 80 nm) of a block copolymer film embedded in 

epoxy resin (Epofix, Electron Microscopy Sciences) were microtomed using a Leica 

Ultracut UCT-ultramicrotome equipped with a 35° Diatome diamond knife at room 

temperature, and subsequently placed on copper grids. The samples were stained 

with I2 for 30 min prior to imaging to enhance the contrast. 

Gel permeation chromatography (GPC) was performed in stabilized THF or CHCl3 

(flow rate of 1 mL min-1) on a Viscotek GPC equipped with three detectors 

(Viscotek Ralls detector, Viscotek Viscometer Model H502 and Shodex RI-71 

Refractive Index detector), using a guard column (PLgel 5 µm Guard, 50 mm and 

two columns PLgel 5 µm MIXED-C, 300 mm, Agilent Technologies) at 30 °C. 

Molecular weights of PVDF homopolymers and block copolymers were calculated 

relative to PS according to universal calibration using narrow disperse standards 

(Agilent Technologies and Polymer Laboratories). Molecular weights of P3HT 

homopolymers were measured using triple detection. 
1H nuclear magnetic resonance (1H-NMR) spectra were recorded on a 400 MHz 

Varian VXR operating at room temperature.  

Fourier transform infrared (FTIR) spectroscopy measurements were performed 

using KBr pellets in vacuo in transmission mode on a Bruker IFS 66v/S equipped 

with a DTGS detector at a resolution of 4 cm-1. 
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3.3 Results and discussion 

3.3.1 Synthesis 

Copper(I)-catalyzed azide-alkyne cycloaddition of end-functionalized P3HT and 

PVDF resulted in the successful synthesis of P3HT-b-PVDF-b-P3HT triblock 

copolymers. Bifunctional azide-terminated PVDF has been prepared via benzoyl 

peroxide initiated polymerization of vinylidene fluoride and additional end-group 

modification, while Grignard metathesis polymerization of 3-hexylthiophene led to 

alkyne-capped P3HT (Scheme 3.1). 

Benzoyl peroxides tailored with a wide variety of functional groups have 

demonstrated to act as effective initiators for the synthesis of telechelic 

fluoropolymers,[75] and the synthesis of well-defined bromine-terminated PVDF 

using 4-(bromomethyl)benzoyl peroxide as initiator has been discussed in detail in 

Chapter 2. Br-PVDF-Br (2) was reacted with sodium azide in order to introduce the 

desired azide moieties onto PVDF chain ends (Scheme 3.1). Figure 3.1a depicts the 
1H-NMR spectrum of the resulting azide-capped PVDF (3), in which the peaks 

corresponding to N3-PVDF-N3 are marked with “V”. The signals have been assigned 

in more detail in the experimental section. The upfield shift of the 1H-NMR singlet 

from 4.61 to 4.49 ppm (Figure 3.2a,b) attributed to the methylene protons 

designated with “M”, indicates full conversion from bromine to azide functionality. 

Furthermore, FTIR analysis (Figure 3.3a,b) confirmed the azide formation, 

according to the N=N=N stretch vibration observed in the spectrum at 2111  

cm-1.[76] 

In contrast to conventional free radical polymerization of hydrocarbon alkenes, in 

which termination often occurs via combination and disproportionation, leading to 

broad dispersities, the benzoyl peroxide initiated polymerization of 

fluoromonomers generally results in well-defined products due to the absence of 

disportionation as termination mechanism.[77-78] Hence, a polydispersity of 1.25 

was determined for azide-terminated PVDF with a number average molecular 

weight (Mn,GPC) of 15.9 kg·mol-1 according to GPC (Figure 3.4). End-group analysis 

based on 1H-NMR (Figure 3.1a), comparing VDF backbone protons with terminal 

aromatic protons, revealed a number average molecular weight (Mn,NMR) of 18.4 

kg·mol-1, in good agreement with GPC measurements.  
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Figure 3.1 
1H-NMR spectra in THF-d8 of (a) azide-terminated PVDF (b) alkyne-terminated 

P3HT4 and (c) P3HT-b-PVDF-b-P3HT block copolymer. Signals corresponding to PVDF and 

P3HT are designated with “V” and “T” respectively, while “e” labels the signal 

corresponding to the ethynyl end-group of P3HT. Remaining peaks correspond to THF and 

H2O. 

 

Figure 3.2 
1H-NMR spectra in THF-d8 of (a) bromine-terminated PVDF, (b) azide-terminated 

PVDF and (c) P3HT-b-PVDF-b-P3HT block copolymer. Signals corresponding to methylene 

protons are designated with “M”.  
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Figure 3.3 FTIR spectra of (a) bromine-terminated PVDF, (b) azide-terminated PVDF, (c) 

P3HT, (d) alkyne-terminated P3HT4 and (e) P3HT-b-PVDF-b-P3HT block copolymer. 

 

Functionalized regioregular P3HT (4) has been prepared from 

dibromohexylthiophene and isopropylmagnesium chloride via Ni-catalyzed GRIM 

polymerization, similar to literature procedures.[55,61-62] Ethynylmagnesium 

bromide was introduced to end-cap the active chain end and quench the 

polymerization, resulting in alkyne-functionalized P3HT (Scheme 3.1). To remove 

residual catalyst traces, the crude product was dissolved in chloroform, filtered 

and reprecipitated in methanol. In this manner, Soxhlet extraction at elevated 

temperatures inducing alkyne-alkyne homocoupling[62] was circumvented. Since 

homocoupling was even observed in the polymer product when stored at room 

temperature (Figure 3.5), samples were stored at -18 °C directly after purification. 

A variety of P3HT-C≡CH homopolymers have been synthesized (Table 3.1) by 

altering the ratio between monomer (M) and catalyst (cat). The molar mass 

calculated from the GPC trace (Mn,GPC) (Figure 3.4) is in excellent agreement with 

the theoretical predicted molecular weight (Mn,theor) (Table 3.1) determined from 

the [M]/[cat] ratio. Moreover, the monomodal GPC curve confirms the absence of 

undesired homocoupling. Rather narrow polydispersities of 1.1-1.2 were obtained, 

characteristic for GRIM polymerizations.  



 
 

Structural hierarchy in P3HT-b-PVDF-b-P3HT copolymers 

 

85 

 

Figure 3.4 GPC traces of alkyne-terminated P3HT4 (dotted), azide-terminated PVDF 

(dashed) and P3HT-b-PVDF-b-P3HT block copolymer (solid) in THF. 

 
Figure 3.5 GPC traces in CHCl3 of alkyne-terminated P3HT4 stored at room temperature 

(dotted) and stored at -18 °C (solid) for 7 days. 
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The characteristic 1H-NMR signals corresponding to the P3HT backbone are 

designated with “T” in Figure 3.1b, and have been assigned in the experimental 

section in more detail. The incorporation of the ethynyl (“e”) end-group was 

confirmed by the singlet at 4.07 ppm. In addition, the FTIR spectrum (Figure 3.3d) 

shows the characteristic band at 3309 cm-1 attributed to the terminal alkyne 

moiety.[76] Pristine P3HT homopolymers without ethynyl functionality, prepared 

via the same procedure using HCl instead of ethynylmagnesium chloride to quench 

the GRIM polymerization, consequently lack the signal for C≡C–H stretch vibration 

(Figure 3.3c).  

Click chemistry was carried out between alkyne-terminated P3HT and azide-

terminated PVDF in order to obtain P3HT-b-PVDF-b-P3HT copolymers (5), as 

presented in Scheme 3.1. Signals corresponding to both coupling partners were 

observed in the 1H-NMR spectrum of the precipitated product (Figure 3.1c). 

Additional end-group analysis demonstrated a strong downfield shift of the 1H-

NMR singlet from 4.49 to 5.73 ppm (Figure 3.2b,c) for the initial end-group protons 

of functionalized PVDF. Together with the disappearance of the singlet assigned to 

the terminal ethynyl moiety of P3HT (Figure 3.1b,c), this indicates full conversion 

of the CuAAC click reaction. To support these findings, FTIR analysis was carried 

out, and both azide (2111 cm-1) and alkyne (3309 cm-1) end-groups were vanished 

in the spectrum representing the block copolymer product (Figure 3.3e). 

The azide-alkyne cycloaddition of PVDF with P3HT3, P3HT4 and P3HT5 (superscript 

is Mn,GPC in kg·mol-1) resulted in the formation of three distinct triblock copolymers 

(Table 3.2). The number average molecular weight (Mn) and weight fraction of 

P3HT (fP3HT) were calculated from the predetermined Mn,GPC of both telechelics. 

From the GPC trace of P3HT-b-PVDF-b-P3HT 2 (Table 3.2, entry 2) in Figure 3.4, a 

Mn,GPC of 22.1 kg·mol-1 has been determined correlating well with the expected 

molecular weight of 23.3 kg·mol-1. The monomodal distribution, representing a 

polydispersity of 1.32, confirms the absence of unreacted homopolymers. 

3.3.2 Structure and crystallization 

Structural analysis has been performed for all block copolymer samples. Below, 

P3HT-b-PVDF-b-P3HT 2 (Table 3.2, entry 2) will be discussed in detail. The results 

for the remaining two block copolymers (entry 1,3) are comparable unless 

otherwise noted.  
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Figure 3.6 DSC crystallization curves of (a) P3HT4 homopolymer and (b) P3HT-b-PVDF-b-

P3HT block copolymer 2 obtained during cooling from melt with 10 °C/min. 

 

The crystallization of the block copolymer and its respective homopolymers was 

studied by DSC. Figure 3.6b displays the crystallization curve corresponding to the 

block copolymer sample. P3HT is the higher temperature crystallizing entity, which 

is revealed by the exothermic shoulder (shown in the inset) with a crystallization 

onset of 156 °C, similar to the parent homopolymer (Figure 3.6a). The weak signal 

indicates that the molten PVDF chains hinder the P3HT crystallization. PVDF 

crystallizes at slightly lower temperatures, having a Tc of 142 °C, similar to the 

crystallization temperature of pristine PVDF homopolymer, already discussed in 

Chapter 2 (Figure 2.8).  

The microstructure of a PVDF/P3HT homopolymer blend reveals a macrophase 

separated system upon cooling from the melt, consisting of both PVDF and P3HT 

domains (Figure 3.7a). In agreement with DSC, P3HT crystallizes first around 155 

°C, representing the dark phase. At a slightly lower temperature of ca. 140 °C, 

PVDF spherulites are formed inside the other domains. Contrary, the optical 

micrograph of P3HT-b-PVDF-b-P3HT demonstrates a single phase system (Figure 

3.7b). In contrast to double-crystalline PLLA-b-PVDF-b-PLLA triblock copolymers 

(Chapter 2) and P3HT-b-PE diblock copolymers,[67] a clear spherulitic 

microstructure is absent. When stronger thermodynamic segregation between 
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both blocks in double-crystalline diblock copolymers is present, spherulite 

formation is hindered and more distorted microstructures are observed.[23] The 

absence of a spherulitic morphology therefore indicates a (strongly) segregated 

melt. 

 

 

 

Figure 3.7 POM images of (a) PVDF/P3HT4 blend after cooling from the melt and (b) P3HT-

b-PVDF-b-P3HT block copolymer 2 after cooling from the melt. Both images were recorded 

at room temperature. 
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Figure 3.8 (a) SAXS pattern of P3HT-b-PVDF-b-P3HT 2 recorded at room temperature after 

cooling from the melt and (b) Bright-field TEM image of the lamellar-in-lamellar 

nanostructure in P3HT-b-PVDF-b-P3HT block copolymer 2 after cooling from the melt. The 

microtomed section was stained with I2 prior to imaging to selectively stain the P3HT 

domains. 

 

The SAXS intensity profile of P3HT-b-PVDF-b-P3HT (Figure 3.8a) collected after 

cooling from the melt indicates a lamellar nanostructure. The characteristic 

domain spacing is calculated from the value of the first-order reflection q* at 0.139 

nm-1 and satisfies 45 nm. The TEM image (Figure 3.8b) confirms the lamellar 

morphology in the block copolymer material, and the observed length scale is in 

good agreement with the calculated domain spacing. Moreover, the micrograph 

surprisingly reveals a structure-in-structure morphology. 

The final morphology in crystalline-crystalline block copolymers depends on the 

competition between microphase separation and crystallization. To investigate the 

formation of the remarkable structure observed in Figure 3.8b, several 

temperature-resolved X-ray scattering experiments have been carrried out.  

Detailed information about the crystalline structure of the individual blocks can be 

obtained from the scattering patterns in Figure 3.9. The appearance of the (100) 

reflection at q = 3.8 nm-1 (1.6 nm) in the SAXS intensity profiles (Figure 3.9a) 

indicate the lamellar packing of alkyl side chains in P3HT.[51-52] The crystallization 

temperature of 160 °C is in agreement with the thermal behavior observed in DSC 

(Figure 3.6b). In addition, the WAXS patterns (Figure 3.9b) reveal the (020) 

reflection at q = 16.5 nm-1 (0.38 nm), appearing at the same temperature, 
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corresponding to the π-π interchain stacking of P3HT.[51-52] PVDF crystallizes at 140 

°C, indicated by the strong signals at 12.6, 13.1 and 14.1 nm-1 attributed to the 

(100), (020) and (110) crystal planes, respectively, of in the α-polymorph. The 

results confirm that separate (nano)domains of crystalline P3HT and PVDF are 

formed in the block copolymer material. 

A phase separated melt was observed for all P3HT-b-PVDF-b-P3HT block 

copolymers in SAXS (Figure 3.10b), thus at T = 240 °C: Tc < T < TODT. Similar 

segregated melt systems were obtained for other P3HT-based block 

copolymers,[67,69] although higher molecular weights in the range of 13-20 kg·mol-1 

were reported for the P3HT segments. Upon cooling below the crystallization 

temperature of both segments, the position of the main peaks remains constant 

(Figure 3.10a), indicating that crystallization of the components is not altering the 

microphase separated structure. Apparently, the block incompatibility is 

sufficiently high to prevent breakout of the structure due to crystallization, and 

confined crystallization of PVDF and P3HT segments occurs inside the phase 

separated domains without destroying the order. In other words, the phase 

separated nanostructure directs the crystallization of P3HT segments, and in turn, 

the PVDF blocks crystallize under the restriction of the pre-crystallized P3HT 

phase. The observed phase behavior is in strong contrast with PLLA-b-PVDF-b-PLLA 

triblock copolymers described in Chapter 2, in which phase separation was 

completely driven by crystallization from the homogenous melt (Tc > TODT). 

    

Figure 3.9 (a) SAXS patterns and (b) WAXS patterns of P3HT-b-PVDF-b-P3HT block 

copolymer 2 as function of temperature during cooling from melt. 
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Figure 3.10 SAXS patterns of P3HT-b-PVDF-b-P3HT block copolymer 2 recorded (a) at room 

temperature after cooling from the melt and (b) in the melt at 240 °C. 

 

Figure 3.11 presents the observed nanostructure in more detail, revealing the 

remarkable lamellar-in-lamellar morphology. The proposed hierarchical structure, 

a result of the rich phase behavior of P3HT-b-PVDF-b-P3HT triblock copolymers, is 

schematically presented in Figure 3.12. The large length scale of 45 nm represents 

the block copolymer phase separation of PVDF and P3HT segments, as observed in 

the SAXS intensity profile of Figure 3.8a. We propose that the smaller length scale 

of approximately 10 nm, visible in TEM, arises from the semicrystalline lamellar 

organization of P3HT (confined inside the phase separated domains) into 

crystalline lamellae, which appear dark in the bright-field TEM images, separated 

by amorphous interlamellar zones. This semicrystalline structure was already 

observed in P3HT homopolymers.[52,54] In this particular case, since the 

semicrystalline P3HT lamellae are parallel to the block copolymer lamellae, only 

the overall large length scale periodicity can be observed in SAXS. The scattering 

patterns in Figure 3.9 already demonstrated that the crystalline structure of P3HT 

involves π-π stacked backbones (0.38 nm) separated by alkyl side chain layers (1.6 

nm). The amorphous zones in between most probably contain chain ends, folds 

and structural defects. The PVDF segments crystallize into the α-phase, in which 

the chains exhibit the trans-gauche conformation. 
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Figure 3.11 (a,b) Bright-field TEM images of the lamellar-in-lamellar nanostructure in P3HT-

b-PVDF-b-P3HT block copolymer 2. The microtomed section was stained with I2 prior to 

imaging to selectively stain the P3HT domains. 

 

 
Figure 3.12 Schematic representation of the proposed hierarchical structure in P3HT-b-

PVDF-b-P3HT block copolymers based on X-ray scattering and electron microscopy 

measurements. The light and dark gray layers present the contrast in the TEM micrographs 

(Figure 3.11), green and red are P3HT and PVDF chains respectively. The length scale 

corresponding to the semicrystalline P3HT lamellae is estimated (ca. 10 nm) from TEM, 

since it cannot be observed in SAXS. 

3.4 Conclusion 

The successful synthesis of well-defined poly(3-hexylthiophene)-block-

poly(vinylidene fluoride)-block-poly(3-hexylthiophene) is achieved via copper(I)-

catalyzed azide-alkyne coupling of azide-functionalized PVDF and ethynyl-
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terminated P3HT, prepared via benzoyl peroxide initiated polymerization and 

Grignard metathesis polymerization, respectively. 

The double-crystalline block copolymers microphase separate in the melt. Upon 

cooling, confined crystallization of P3HT, followed by PVDF, occurs inside the 

segregated domains. The α-polymorph of PVDF is obtained after crystallization 

from the melt. In addition, both lamellar packing of the alkyl side chains and π-π 

interchain stacking are observed in crystalline P3HT.  

The rich phase behavior of the P3HT-b-PVDF-b-P3HT triblock copolymers results in 

an elegant structure characterized by hierarchical order at multiple length scales: 

1) π-π stacking between polythiophene backbones (0.38 nm), 2) lamellar packing 

of alkyl side chains (1.6 nm), 3) semicrystalline lamellar organization of P3HT (ca. 

10 nm) and 4) block copolymer microphase separation of PVDF and P3HT (45 nm). 

This remarkable self-assembly can be highly useful for future device fabrication.  
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PS-b-PVDF-b-PS precursors 
 

 

 

 

 

 

 

 

 

 

 

The fabrication of nanoporous poly(vinylidene fluoride) (PVDF) and PVDF/nickel 

nanocomposites from semicrystalline block copolymer precursors is reported. 

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

is prepared through functional benzoyl peroxide initiated polymerization of VDF, 

followed by atom transfer radical polymerization of styrene. The crystallization 

of PVDF plays a dominant role during the formation of the block copolymer 

structure, resulting in a spherulitic superstructure with an internal crystalline-

amorphous lamellar nanostructure. The block copolymer promotes the 

formation of the ferroelectric β-polymorph of PVDF. Selective etching of the 

amorphous regions with nitric acid leads to nanoporous PVDF, which functions 

as a template for the generation of PVDF/Ni nanocomposites. The lamellar 

nanostructure and the β-crystalline phase are conserved during the etching 

procedure and electroless nickel deposition.  

 

Parts of this chapter were published in: Nanoscale 2013, 5, 184. 
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4.1 Introduction 

The discovery of piezoelectricity in poly(vinylidene fluoride) (PVDF) in 1969 by 

Kawai[1] has stimulated extensive research in the field of ferroelectric polymers.[2-5] 

In contrast to ferroelectric ceramics, polymers are flexible, relatively inexpensive 

and processable in large area sheets and molded shapes. Consequently, PVDF and 

its copolymers have been commercially used in a large number of applications, e.g. 

in headphones, loudspeakers and sonar arrays.[6-7] The combination of chemical 

inertness, high thermal resistance and ferroelectric behavior designates PVDF as a 

potential material for nanotechnological applications. More specific, porous 

nanomaterials composed of PVDF can be applied in mechanical actuators and 

separation membranes, or as ferroelectric templates for the fabrication of novel 

polymer-based nanocomposites. 

Nanocomposites containing PVDF represent a new class of materials with 

enhanced performance and new functionalities. PVDF/clay nanocomposites have 

been constructed to either improve the physical properties of the polymer or to 

induce the formation of the polar β-polymorph of PVDF, known for its ferroelectric 

behavior that originates from the all-trans chain conformation.[8-9] In addition, 

polymer-based multiferroic magnetoelectric composites, combining ferroelectric 

PVDF and a ferromagnetic phase, have attracted considerable attention in recent 

years.[10-11] These multiferroic composites have been found to exhibit a strain-

coupled magnetoelectric effect (i.e. the appearance of an electric polarization 

upon applying a magnetic field, or the appearance of a magnetization upon 

applying an electric field) several orders of magnitude higher compared to the 

response in single-phase magnetoelectric materials. Indeed, nanocomposites 

composed of a piezoelectric polymer and a magnetostrictive compound, like 

PVDF/Terfenol-D,[12] PVDF/Metglas[13] and PVDF/N0.5Zn0.5Fe2O4
[14] demonstrated 

giant magnetoelectric effects and can potentially be used in sensors and memory 

devices. 

Block copolymers are able to microphase separate into morphologies ordered on 

the nanoscale (typically 10-100 nm), and their phase behavior has been studied 

extensively.[15-20] Block copolymers that contain a degradable component provide a 

convenient route towards porous nanostructured materials with desired 

functionality and controllable pore sizes.[21-23] For example, selective removal of 
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the cylinder-forming phase in a self-assembled block copolymer structure results 

in the formation of nanochannels within a polymer matrix. Etching of the so-called 

sacrificial block can be achieved via several degradation techniques, e.g. 

hydrolysis,[24] UV irradiation,[25] amphiphile extraction[26-27] and reactive ion 

etching.[28] Recently, enhanced thermal and mechanical stability of nanoporous 

materials was demonstrated with the preparation of semicrystalline nanoporous 

polyethylene films from crystalline-amorphous polyethylene-block-polystyrene 

(PE-b-PS) block copolymers.[23,29] The procedure included selective etching of the 

amorphous PS blocks with fuming nitric acid, leading to a semicrystalline PE 

network with excellent mechanical strength and high flexibility.  

Porous nanostructured materials from block copolymer precursors can be 

employed as templates for polymer-based nanocomposites. Electroless plating is a 

well-exploited technique to deposit metals such as gold and nickel on polymer 

substrate surfaces.[30-32] The process involves a chemical reduction of metal ions 

and the subsequent autocatalytic deposition of metal onto a catalytic surface. This 

technique allows uniform coating onto complex shaped surfaces and inside 

nanostructured templates.[33] For example, electroless deposition of nickel inside a 

porous PS matrix, obtained via the selective degradation of a gyroid-forming block 

copolymer, gave rise to the formation of a PS/Ni nanocomposite with bicontinuous 

morphology.[34] Considering the ferromagnetic properties of nickel, a similar 

approach with PVDF-containing block copolymers will result in a multiferroic 

PVDF/Ni nanocomposite, composed of a ferroelectric and ferromagnetic phase. 

Block copolymers with a narrow polydispersity are required to enable the self-

assembly into well-ordered morphologies. The synthesis of such well-defined block 

copolymers requires a chain-growth mechanism with the absence of undesired 

transfer and termination steps. Living anionic polymerization and controlled 

radical polymerization are therefore suitable preparation techniques.[35] Among 

them, atom transfer radical polymerization (ATRP)[36] is often applied 

successfully.[37-38] Only a few studies however report on the synthesis of well-

defined PVDF-based block copolymers, since fluoromonomers cannot be readily 

polymerized by living anionic polymerization[39] or controlled radical 

polymerization techniques.[40] Poly(vinylidene fluoride)-block-poly(methyl 

methacrylate) (PVDF-b-PMMA) and poly(vinylidene fluoride)-block-polystyrene 

(PVDF-b-PS) copolymers were prepared through ATRP from PVDF telomers,[41] 
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prepared via radical telomerization of vinylidene fluoride in the presence of 

chloroform. Higher molecular weight fluoropolymer segments were obtained by 

performing an emulsion copolymerization of VDF and hexafluoropropylene (HFP) 

in the presence of halogen chain transfer agents.[42-43] The resulting P(VDF-r-HFP) 

copolymers, with molecular weights up to 25 kg·mol-1, were used as efficient 

macroinitiators for the ATRP of styrene or MMA to prepare diblock copolymers. A 

similar strategy was adopted to produce PS-b-PVDF-b-PS triblock copolymers.[44] 

The PVDF segment was prepared via radical polymerization initiated by 

chloromethyl benzoyl peroxide[45] and the chain-end-functionalized PVDF 

subsequently initiated the ATRP of styrene to generate triblock copolymers. More 

recently, block copolymers consisting of PVDF and poly(aromatic sulfonates) were 

synthesized,[46] combining two CRP techniques, i.e. iodine transfer polymerization 

(ITP) and ATRP.  

The incorporation of crystallizable blocks, like poly(vinylidene fluoride), may 

completely change the block copolymer morphology.[18,47-49] The structure 

development in these crystalline-amorphous (or semicrystalline) block copolymers 

is controlled by two competing self-organizing mechanisms: crystallization and 

microphase separation driven by block incompatibility. This allows the formation 

of different morphologies, depending on the segregation strength, the 

crystallization temperature (Tc), the glass transition temperature of the amorphous 

block (Tg) and the order-disorder transition temperature (TODT). When the block 

incompatibility is small (TODT < Tc) and the amorphous matrix is rubbery during 

crystallization (Tg < Tc), crystallization proceeds from a homogeneous melt. 

Consequently, alternating crystalline-amorphous lamellar microdomains within a 

spherulitic superstructure are observed for a wide range of copolymer 

compositions.[50-51] 

 

 
Scheme 4.1 Synthesis route towards the 4-(chloromethyl)benzoyl peroxide initiator, 

chlorine-terminated PVDF macroinitiator and PS-b-PVDF-b-PS triblock copolymer. 
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Despite the successful synthesis of PVDF-containing block copolymers, the phase 

behavior of such crystalline-amorphous block copolymers has hardly been studied, 

even though the resulting ordered nanostructured block copolymer systems may 

facilitate the preparation of nanoporous PVDF templates and well-ordered PVDF-

based nanocomposites. In this chapter, we report the synthesis of semicrystalline 

polystyrene-block-poly(vinylidene fluoride)-block-polystyrene (Scheme 4.1) and 

investigate the self-assembled block copolymer structure. Additionally, we 

demonstrate the selective removal of amorphous polystyrene blocks, followed by 

electroless nickel plating of the resulting nanoporous PVDF matrix, to generate 

PVDF/Ni nanohybrids. 

4.2 Experimental 

4.2.1 Materials 

Styrene (S, Acros, 99%) was dried overnight in nitrogen atmosphere over CaH2 and 

condensed at room temperature (10-6 mbar). Oxalyl chloride (Acros, 98%), 4-

(chloromethyl)benzoic acid (Acros, 98%), lithium peroxide (Li2O2, Acros, 95%), 

vinylidene fluoride (VDF, Synquest Labs, 98%), copper(I) chloride (CuCl, Acros, 

99.99%), 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA, Acros, 99+%), nitric 

acid (Merck, 99.5+%), tin chloride (SnCl2, Acros, 98%), hydrochloric acid (HCl, 

Merck, 37%), palladium chloride (PdCl2, Aldrich, 60% Pd basis), nickel sulfate 

(NiSO4·6H2O, Aldrich, 99%), citric acid trisodium salt (Na3C6H5O7, Aldrich, 98%), 

lactic acid (SAFC, 85%), borane dimethylamine complex (DMAB, Aldrich, 97%) and 

ammonium hydroxide (NH4OH, Aldrich, 29% NH3 basis) were used as received. All 

solvents used were of analytical grade. 

4.2.2 Synthesis of 4-(chloromethyl)benzoyl peroxide 

Oxalyl chloride (5.4 mL, 63 mmol) and a few drops of anhydrous DMF were added 

to a stirred solution of 4-(chloromethyl)benzoic acid (10 g, 59 mmol) in 50 mL of 

anhydrous DCM at 0 °C. After reacting for 2 h at room temperature, the solvent 

was removed by rotary evaporation. The remaining yellow residue was 

immediately dissolved in 100 mL n-hexane/Et2O (1:1). The resulting solution was 

slowly added via a droplet funnel to a rapidly stirred 50 mL aqueous solution of 

Li2O2 (3.5 g, 75 mmol) at 0 °C. After reacting for 2 h at room temperature, the 

reaction mixture was diluted with 250 mL chloroform and washed twice with 100 
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mL H2O. The aqueous phase was extracted twice with 50 mL chloroform. The 

combined organic phases were dried over MgSO4 and chloroform was 

subsequently removed by rotary evaporation. The remaining white solid was 

recrystallized from chloroform, yielding white needle-shaped crystals. 1H-NMR 

(400 MHz, DMSO-d6, δ): 8.12 (d, 4H, –ArH), 7.76 (d, 4H, –ArH), 4.95 (s, 4H,  

–PhCH2Cl). 

4.2.3 Synthesis of chlorine-terminated PVDF 

A typical procedure for the polymerization of vinylidene fluoride is as follows. A 

solution of 4-(chloromethyl)benzoyl peroxide (1.5 g, 4.5 mmol) in 300 mL of 

anhydrous acetonitrile was added to a pressure reactor (Figure 2.1: Parr 

Instruments, model 4568). The vessel was closed and purged with nitrogen for 30 

min to degas the mixture. Subsequently, the reactor was charged with 20 bar of 

VDF, heated to 90 °C and stirred at 700 rpm. After reacting for 15 min, the vessel 

was cooled down to room temperature and depressurized. The reaction mixture 

was cooled to 0 °C, and the precipitate was collected by filtration. The remaining 

solid was washed with acetonitrile and chloroform, and finally dried in vacuo at 

room temperature to yield a white solid (Table 4.1). 1H-NMR (400 MHz, DMSO-d6, 

δ): 8.01 (d, –ArH), 7.61 (d, –ArH), 4.84 (s, –PhCH2Cl), 4.64 (m, –COOCH2CF2–), 2.87 

(m, –CF2CH2–CF2CH2–, head-to-tail), 2.23 (m, –CF2CH2–CH2CF2–, tail-to-tail).  
19F-NMR (400 MHz, DMSO-d6, δ): -92.0 (–CH2CF2–CH2CF2–CH2CF2–, head-to-tail),  

-94.8 (–CH2CF2–CF2CH2–CH2CF2–CH2CF2–), -113.8 (–CH2CF2–CH2CF2–CF2CH2–),  

-116.1 (–CH2CF2–CF2CH2–CH2CF2–). 

 

Table 4.1 Conditions and characteristics of PVDF macroinitiators. 

entry [I]0 

(mM) 

T 

(°C) 

p0 

(bar) 

Mn,PVDF
 a

 

(kg mol
-1

)
 

PDI
a
 

A 5.0 90 20 16.1 1.28 

B 15 90 20 15.7 1.29 

C 50 90 20 11.8 1.36 

D 5.0 70 20 22.1 1.38 

E 5.0 110 20 13.6 1.30 

F 5.0 90 10 9.28 1.20 
a Determined by GPC in DMF. 
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4.2.4 Synthesis of PS-b-PVDF-b-PS 

A typical procedure for the atom transfer radical polymerization of styrene is as 

follows. Chlorine-terminated PVDF (0.39 g, 0.025 mmol) and CuCl (50 mg, 0.50 

mmol) were added to a dried Schlenk tube sealed with rubber septum, followed by 

a degassing procedure (i.e. evacuating and backfilling three times with nitrogen). 

5.0 mL of anhydrous DMF was added via a degassed syringe to dissolve the PVDF 

macroinitiator. PMDETA (0.31 mL, 1.5 mmol) was added via a degassed syringe 

and the solution was stirred for at least 10 min to let the dark green colored 

catalyst/ligand complex form. Subsequently, styrene (2.68 mL, 22.5 mmol) was 

added via a degassed syringe, and the reaction mixture was immediately subjected 

to at least four freeze-pump-thaw cycles to degas. After reacting at 110 °C for a 

desired amount of time, the dark-brown mixture was cooled down to room 

temperature using a water bath and subsequently precipitated in MeOH/H2O (100 

mL, 1:1). The solid was collected by filtration and washed with MeOH/H2O (1:1), 

methanol and n-hexane. Reprecipitation was carried out from DMF in MeOH/H2O 

(1:1), and the collected off-white solid was dried in vacuo at 40 °C (Table 4.2).  

1H-NMR (400 MHz, acetone-d6, δ): 7.29 (m, –PhH), 6.86 (m, –PhH), 3.18 (m, –

CF2CH2–CF2CH2–, head-to-tail), 2.53 (m, –CF2CH2–CH2CF2–, tail-to-tail), 2.12 (m,  

–CH2CHPh–), 1.79 (m, –CH2CHPh–). 

 

Table 4.2 Conditionsa and characteristics of PS-b-PVDF-b-PS. 

entry t 

(h) 

conv
b 

(%) 

Mn,PS
c 

(kg·mol
-1

) 

fPS
c 

1 0.75 7.0 6.2 0.29 

2 2.0 10 10.2 0.39 

3 4.0 13 11.2 0.42 

4 8.0 20 15.6 0.50 

5 22 26 21.4 0.58 
a [PVDF B] = 5 mM; [PMDETA] = 3·[CuCl] = 0.3 M; [S] = 4.5 M; T = 110 °C.  
b Determined by 1H-NMR of reaction mixture. c Determined by 1H-NMR of 

precipitated product. 
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4.2.5 Preparation of block copolymer films 

Solvent annealing was applied to obtain a phase separated block copolymer 

nanostructure. A 1.5% w/w solution of PS-b-PVDF-b-PS in DMF was stirred for at 

least 2 h at room temperature and the solution was subsequently poured in a glass 

Petri dish. The solvent was allowed to slowly evaporate at 45 °C and the film was 

annealed in a saturated solvent vapor for at least one week, yielding a slightly 

yellow transparent film. 

4.2.6 Preparation of nanoporous films 

Acid etching was employed to selectively remove polystyrene from the block 

copolymer structure. The PS-b-PVDF-b-PS film was submerged in 10 mL of fuming 

nitric acid. After 5 min, the nitric acid was decanted, and the treated film was 

washed with H2O and methanol. The resulting white film was dried in vacuo at 

room temperature. 

4.2.7 Preparation of PVDF/Ni nanocomposites 

Electroless metal plating was employed for nickel deposition onto the polymer 

substrate. For surface sensitization, the nanoporous template was immersed into a 

solution of SnCl2 (0.1 M) and HCl (0.1 M) in MeOH/H2O (1:1) for 1 h, and the 

surface of the pores adsorbed Sn2+. The sensitized film was rinsed with MeOH/H2O 

(1:1) and soaked into a solution of PdCl2 (1.4 mM) and HCl (0.25 M) in MeOH/H2O 

(1:1) for 1 h. The surface was activated by a redox reaction (Sn2+ + Pd2+ → Sn4+ + 

Pd0) to exchange Sn2+ adsorbed on the surface into Pd0. After rinsing with 

MeOH/H2O (1:1), the activated film was immersed into an aqueous electroless 

nickel plating bath composed of NiSO4·6H2O (40 g L-1), Na3C6H5O7 (20 g L-1), lactic 

acid (10 g L-1) and DMAB (1 g L-1). The metallic palladium functions as a catalyst for 

the reduction of Ni2+. The pH of the nickel bath was adjusted to 7 using an aqueous 

solution of NH4OH (1.0 M), and the plating was performed at room temperature 

for 1 h. The nickel plated film was rinsed with H2O and dried in vacuo at room 

temperature. 

4.2.8 Characterization 
1H and 19F nuclear magnetic resonance (1H-NMR and 19F-NMR) spectra were 

recorded on a 400 MHz Varian VXR operating at room temperature.  
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Gel permeation chromatography (GPC) was performed in DMF (1 mL min-1) with 

0.01 M LiBr on a Viscotek GPCMAX equipped with model 302 TDA detectors, using 

two columns (PSS-Gram-1000/30, 10 μ 30 cm). Molecular weights were calculated 

relative to polystyrene according to universal calibration using narrow disperse 

standards (Polymer Laboratories).  

Differential scanning calorimetry (DSC) was carried out using a TA Instruments 

Q1000 in a nitrogen atmosphere and with a heating/cooling rate of 10 °C min-1.  

Polarized optical microscopy (POM) was conducted on a Zeiss Axiophot and the 

samples were placed between crossed polarizers. 

Wide-angle X-ray scattering (WAXS) and Small-angle X-ray scattering (SAXS) were 

performed at the Dutch-Belgium Beamline (DUBBLE) station BM26B of the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, France.[52-53] The 

sample-detector distance of the SAXS set-up was ca. 6 m, while the X-ray 

wavelength was 1.03 Å. The scattering vector q is defined as q = 4π/λsinθ with 2θ 

being the scattering angle. The patterns were collected at room temperature.  

Bright-field transmission electron microscopy (TEM) was carried out on a Philips 

CM12 transmission electron microscope operating at an accelerating voltage of 

120 kV. TEM samples were prepared as follows: ultrathin sections (about 80 nm) 

of the sample embedded in epoxy resin (Epofix, Electron Microscopy Sciences) 

were microtomed using a Leica Ultracut UCT-ultramicrotome equipped with a 35° 

Diatome diamond knife at room temperature, and subsequently placed on copper 

grids.  

Scanning electron microscopy (SEM) was carried out on a JEOL 6320F field 

microscope operating at 3 kV. Prior to imaging, the specimens were coated with 6 

nm Pt/Pd (80:20).  

Energy-dispersive X-ray (EDX) spectroscopy was performed on a Philips XL-30 

environmental scanning electron microscope.  

Surface area measurements were performed by the BET method using N2 at 77 K 

on a Thermo Scientific Surfer instrument. The samples were dried in vacuo (10-3 

mbar) for 24 h at 100 °C prior to the measurement. The pore size distribution was 

determined by mercury porosimetry, using a Thermo Fischer Scientific mercury 

porosimeter (Pascal 440 type).  
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4.3 Results and discussion 

4.3.1 Synthesis  

PS-b-PVDF-b-PS triblock copolymers were prepared via a functionalized benzoyl 

peroxide initiated polymerization of vinylidene fluoride, followed by ATRP of 

styrene from the resulting PVDF macroinitiator (Scheme 4.1).  

Functionalized benzoyl peroxides have demonstrated to act as effective initiators 

for the preparation of poly(vinylidene fluoride) and other fluoropolymers.[44-45] For 

example, Br-PVDF-Br is prepared via benzoyl peroxide initiated polymerization and 

is involved in the synthesis of double-crystalline PVDF-based block copolymers 

(Chapter 2 and 3). In this chapter the preparation of Cl-PVDF-Cl is discussed. Both 
19F-NMR (Figure 4.1) and 1H-NMR (Figure 4.2a) demonstrate the characteristic 

signals (assigned in the experimental section) for both head-to-tail and tail-to-tail 

structures of VDF sequences, indicating successful PVDF synthesis. Resonances due 

to unsaturated bonds are not observed in the 1H-NMR spectrum, which implies the 

absence of disproportionation as termination mechanism during radical 

polymerization of VDF.[54] Therefore, propagating radicals are only consumed 

through recombination or termination with primary radicals, resulting in well-

defined phenylmethyl chlorine end-groups (8.01, 7.61 and 4.84 ppm). The 

presence of –CH2–CF2H (6.33 ppm) and –CF2–CH3 (1.76 ppm) end-groups in small 

traces can be attributed to chain transfer reactions, such as intramolecular 

backbiting giving rise to short chain branches.[55]  

 
Figure 4.1 19F-NMR spectra of chlorine-terminated PVDF macroinitiator in DMSO-d6. 



 
 

Nanocomposites from PS-b-PVDF-b-PS precursors 

 

107 

 

Figure 4.2 1H-NMR spectra of (a) chlorine-terminated PVDF in DMSO-d6, (b) PS-b-PVDF-b-

PS triblock copolymer in acetone-d6 and (c) nanoporous PVDF in acetone-d6. 

 
Figure 4.3 GPC trace of chlorine-terminated PVDF macroinitiator B (Table 4.1 entry B) in 

DMF. 
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A library of end-functionalized PVDF macroinitiators has been prepared (Table 

4.1), and their molecular weight and molar mass distribution was determined by 

GPC (Figure 4.3). In contrast to free radical polymerization of hydrocarbon alkenes, 

where termination through combination and disproportionation leads to broad 

molecular weight distributions, the benzoyl peroxide initiated polymerization of 

vinylidene fluoride results in reasonably narrow dispersities in the range of 1.2-1.4. 

Adjusting reaction parameters such as the initial initiator concentration ([I]0), 

temperature (T) and initial pressure (p0) renders the possibility to alter the number 

average molecular weight (Mn,PVDF) and polydispersity index (PDI) of the PVDF 

macroinitiators. 

Due to the presence of phenylmethyl chlorine end-groups and the reasonably 

narrow dispersity, the PVDF homopolymers are suitable to be employed as 

macroinitiators in the ATRP of styrene. Five block copolymers, having PS weight 

fractions ranging from 0.29 to 0.58 (Table 4.2), were prepared through ATRP with 

CuCl/PMDETA as catalyst/ligand complex and PVDF B (Table 4.1 entry B) as 

macroinitiator. The monomer conversion (conv) was determined from 1H-NMR 

spectra of the reaction mixture, by comparing the integrals of styrene (5.80 ppm, 

5.23 ppm) and polystyrene (7.29-6.86 ppm). Attempts to characterize the 

molecular weight using GPC in DMF were unsuccessful, due to aggregation of the 

block copolymers. However, by comparing the integrals of PS (7.29-6.86 ppm) and 

PVDF (3.18 ppm, 2.53 ppm), the molecular weight (Mn,PS) and weight fraction (fPS) 

were calculated from 1H-NMR spectra of the precipitated product (Figure 4.2b), 

using the predetermined Mn,PVDF from the GPC data. 

In addition, DSC analysis has been performed to study the thermal behavior of the 

PVDF macroinitiator and PVDF-based triblock copolymer. The double melting 

endotherm around 168 °C (Figure 4.4a), observed for the melting of PVDF crystals, 

is ascribed to melting, recrystallization and remelting during the DSC heating 

process,[56] which is a common phenomenon in many semicrystalline polymers. 

The heat flow curve of the triblock copolymer (Figure 4.4b) reveals the glass 

transition temperature of PS segments at 106 °C, indicating phase separation 

between PVDF and PS blocks. 
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Figure 4.4 DSC curves of (a) chlorine-terminated PVDF, (b) PS-b-PVDF-b-PS triblock 

copolymer and (c) nanoporous PVDF. 

 
Figure 4.5 (a) Kinetic plot and (b) linear dependence of molecular weight on the monomer 

conversion for ATRP of styrene. 

 

Kinetic analysis has been employed to investigate the controlled behavior of the 

atom transfer radical polymerization (Figure 4.5). The semilogarithmic plot of 

conversion versus time suggests that the contribution of termination reactions is 

minimal. Furthermore, the linear relationship between Mn and monomer 

conversion implies that chlorine-terminated PVDF indeed initiates a controlled 

radical polymerization of styrene. 
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4.3.2 Phase behavior 

The Flory-Huggins interaction parameter between poly(vinylidene fluoride) and 

polystyrene has been the subject of various publications,[57-58] and values of χVDF,S ≤ 

0.021 have been reported. Considering the chain length of the prepared triblock 

copolymers, this leads to values of χN < 10, below the critical value for block 

copolymer microphase separation to occur. Moreover, the crystallization 

temperature of PVDF (Tc = 143 °C) exceeds the glass transition of the amorphous 

PS (Tg = 106 °C). Hence, the block incompatibility is small and the amorphous 

matrix is rubbery during crystallization. Consequently, crystallization is expected to 

be the dominating self-organizing mechanism. 

The morphology of the synthesized PS-b-PVDF-b-PS films, cast from DMF solution, 

has been examined both at the microscale (POM, SEM) and nanoscale (TEM). 

Polarized optical microscopy reveals spherulites in all triblock copolymers films 

(PS-b-PVDF-b-PS 1-5), with diameters of 50-80 μm (Figure 4.6a). Furthermore, the 

microstructure of the films was confirmed by SEM images (Figure 4.6b). The 

observed spherulitic superstructure suggests the strong influence of PVDF 

crystallization on the morphology. 

 

    
Figure 4.6 (a) POM image and (b) SEM image of the spherulitic structure in PS-b-PVDF-b-PS 

3 films. 

   

TEM measurements of the triblock copolymer films reveal a lamellar 

nanostructure inside the spherulitic microstructure for all copolymer compositions 

(fPS = 0.29-0.58). Figure 4.7 displays the TEM images of PS-b-PVDF-b-PS 2, 3 and 4 

(Table 4.2, entry 2-4). The crystalline PVDF lamellae in the block copolymer 

structure appear as dark layers. Since poly(vinylidene fluoride) typically 

demonstrates 50-70% crystallinity according to DSC, the amorphous regions 
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consist of PS and amorphous PVDF, which explains their larger volume compared 

to the crystalline regions. The alternating crystalline-amorphous lamellar 

nanostructure within the spherulitic superstructure confirms the dominant role of 

crystallization during structure formation. 

The alternating lamellar morphology observed with TEM was confirmed by small-

angle X-ray measurements. The SAXS intensity profile of PS-b-PVDF-b-PS (Figure 

4.8a) demonstrates a diffraction pattern with a q ratio of 1:2:3, indicative for a 

lamellar nanostructure. The characteristic domain spacing, calculated from the 

value of the first-order reflection q* = 0.105 nm-1, satisfies 60 nm, and corresponds 

to the length scale observed with TEM. 

The crystal structure of PVDF and PVDF-containing block copolymers has been 

investigated by wide-angle X-ray scattering. The WAXS pattern of the PVDF 

macroinitiator (Figure 4.8b1) reveals diffractions at q = 12.5 nm-1 (0.50 nm), 13.0 

nm-1 (0.48 nm) and 14.0 nm-1 (0.45 nm). The peak positions correspond 

respectively to (100), (020) and (110) α-crystal planes,[8-9] and the crystalline phase 

can be identified as predominantly α-polymorph. Contrary, the scattering pattern 

of PS-b-PVDF-b-PS (Figure 4.8b2) demonstrates a strong diffraction peak at q = 

14.2 nm-1 (0.44 nm), that arises from both (110) and (200) β-crystal planes. This 

peak is overlapping the broad amorphous halo, indicating a decrease of 

crystallinity compared to the PVDF homopolymer. The block copolymer thus 

promotes the formation of polar β-polymorph of PVDF. Supposedly, the PS 

domains stimulate nucleation in all-trans conformation, followed by the growth of 

nuclei, resulting in the β-crystalline phase. 

 

            

Figure 4.7 Bright-field TEM images of alternating crystalline-amorphous lamellae in (a) PS-
b-PVDF-b-PS 2, (b) PS-b-PVDF-b-PS 3 and (c) PS-b-PVDF-b-PS 4. 
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Figure 4.8 (a) SAXS pattern of PS-b-PVDF-b-PS 3 and (b) WAXS pattern of (1) chlorine-

terminated PVDF, (2) PS-b-PVDF-b-PS triblock copolymer, (3) nanoporous PVDF and (4) 

PVDF/Ni nanocomposite. 
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4.3.3 Etching 

The selective removal of polystyrene from the block copolymer nanostructure 

provides a convenient route towards porous poly(vinylidene fluoride). Fuming 

nitric acid etching has been applied as a facile method to selectively degrade the 

amorphous domains. The treated films, obtained after this etching procedure, 

were subjected to 1H-NMR and thermal analysis. The 1H-NMR spectrum 

demonstrates the complete removal of PS, since both the aromatic and aliphatic 

resonances are absent (Figure 4.2c). Moreover, the PVDF signals at 3.18 (head-to-

tail) and 2.53 ppm (tail-to-tail) remain, demonstrating that PVDF survived the 

strong acidic conditions during the etching treatment. In fact, the spectrum looks 

similar to the 1H-NMR spectrum of the initial PVDF macroinitiator (Figure 4.2a). 

Thermal analysis supports those findings. After the acid etch, the glass transition 

of polystyrene disappears (Figure 4.4c), while the melting endotherm of PVDF is 

remaining.  

To study the bulk morphology, the etched films were cleaved and investigated by 

scanning electron microscopy. As displayed in Figure 4.9, a porous nanostructure is 

clearly revealed. The amorphous regions were successfully removed, resulting in a 

nanoporous matrix of PVDF. The lamellar morphology originating from the block 

copolymer self-assembly (Figure 4.7) is retained. In addition, many fibrils that 

bridge the crystalline lamellae are observed. Generally, a lamellar matrix is not 

able to support the resultant nanoporous structure after selective removal of one 

component, leading to a collapse of the lamellar domains.[59] However, the PVDF 

lamellae are confined inside a three dimensional spherulitic superstructure. 

Together with the high mechanical strength of the crystalline matrix and the 

observed fibrils this prevents the collapse and results in a stable nanoporous 

structure, even with the large empty space present within the films.  

Nitrogen adsorption measurements were performed to determine the surface 

area, evaluated by the BET method. The calculated specific surface area of the 

PVDF matrix is 14 m2 g-1. The porosity of the template was also clearly confirmed 

by mercury porosimetry measurements. The pore sizes demonstrate a bimodal 

distribution (Figure 4.10), with maxima at 10 and 85 nm, in accordance with the 

length scale of the nanostructure observed with SEM.  
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Figure 4.9 SEM images of the PVDF template with a porous crystalline lamellar matrix, 

obtained after acid etching of the PS-b-PVDF-b-PS 3 film. 

 

The wide-angle X-ray scattering pattern of the nanoporous template (Figure 4.8b3) 

is similar to the pattern of the PS-b-PVDF-b-PS block copolymer, demonstrating 

that the β-crystalline structure was conserved during the selective degradation 

procedure. The WAXS data reveals a diffraction at q = 14.2 nm-1 (0.44 nm), 

corresponding to the (110)/(200) β-crystal planes. In addition, absence of the 

amorphous halo (i.e. the increase in crystallinity) confirms the removal of 

amorphous polystyrene during etching. 
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Figure 4.10 Pore size distribution for nanoporous PVDF, calculated from mercury 

porosimetry measurements.  

 

   
Figure 4.11 Bright-field TEM images of PVDF/Ni nanocomposite with lamellar morphology, 

obtained after nickel plating of the nanoporous template. 
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4.3.4 Nickel plating 

Electroless metal plating has been employed to insert nickel inside the pores of the 

PVDF matrix. The affinity between the plating solution and substrate surface is an 

important factor for successful metal deposition. Hence, considering the 

hydrophobic nature of PVDF (contact angle on water is 82°),[60] both sensitization 

and activation steps of the plating procedure were performed in MeOH/H2O 

mixtures in order to completely wet the surface of the pores.  

TEM images of the electroless plated films (Figure 4.11) demonstrate the 

successful deposition of metal inside the nanoporous PVDF. Nickel penetrated the 

pores in the polymer matrix, resulting in a PVDF/Ni nanocomposite. The images 

were obtained without sample staining due to the significant contrast from the 

strong scattering of the nickel phase. The lamellar morphology of the porous 

template (Figure 4.9), originating from the block copolymer phase separation 

(Figure 4.7), is clearly preserved. The electroless deposition of nickel on the PVDF 

matrix results in an intimate contact between the polymer and metal phase. The 

PVDF/Ni composite is therefore a promising nanomaterial, since strain-coupled 

multiferroic composites require such an intimate contact between the 

piezoelectric and magnetostrictive phase.[61] Furthermore, the self-assembled 

morphology may greatly enhance the magnetoelectric response, since the lamellar 

nanostructure represents the optimal laminated configuration.[62] The WAXS 

pattern of the PVDF/Ni nanocomposite (Figure 4.8b4) is comparable to the pattern 

of the block copolymer and porous template, demonstrating the presence of the 

β-polymorph of PVDF. This suggests that the crystalline phase in the block 

copolymer film is preserved both during acid etching and electroless nickel 

deposition.  

To study the chemical composition of the PVDF/Ni composite, the plated films 

were cleaved and investigated by energy-dispersive X-ray spectroscopy. Figure 

4.12 displays the EDX spectrum of a cross section. Both carbon (0.28 keV) and 

fluorine (0.68 keV) peaks represent poly(vinylidene fluoride) within the composite, 

while the signals at 0.85 and 7.48 keV correspond to nickel. The presence of 

oxygen in the spectrum indicates some oxidation of nickel when the composite is 

stored in air. Additionally, the complete WAXS pattern of the nanocomposite 

(Figure 4.13) confirms the presence of nickel, given the observed diffractions at 

higher q values corresponding to the (110) and (111) Ni crystal planes. 
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Figure 4.12 EDX spectrum of PVDF/Ni nanocomposite, obtained after nickel plating of the 

nanoporous template. 

 
Figure 4.13 Complete WAXS pattern of PVDF/Ni nanocomposite, obtained after nickel 

plating of the nanoporous template. 
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4.4 Conclusion 

PS-b-PVDF-b-PS block copolymers have been used as precursors for the fabrication 

of nanoporous PVDF and PVDF/Ni nanohybrids. First, the triblock copolymers were 

successfully synthesized via a two-step synthesis method, involving functional 

benzoyl peroxide initiated polymerization of VDF, followed by ATRP of styrene 

from the resulting macroinitiator. Kinetic analysis demonstrated the controlled 

behavior of the radical polymerization. 

The morphology of the semicrystalline block copolymers has been investigated, 

and revealed an alternating crystalline-amorphous lamellar nanostructure inside a 

spherulitic superstructure for a range of block copolymer compositions (fPS = 0.29-

0.58), confirming the dominant role of crystallization during structure formation. 

In addition, the β-polymorph has been detected within the block copolymer crystal 

structure, supposedly due to the PS domains that stimulate the nucleation of the 

all-trans chain conformation of PVDF. 

The amorphous PS block has been removed selectively by applying a facile 

chemical etching method with fuming nitric acid, leading to a nanoporous PVDF 

matrix. The use of semicrystalline block copolymers as precursors for these 

materials will enable us to tune the porosity by altering the copolymer 

composition. Subsequently, a PVDF/Ni nanocomposite has been successfully 

prepared through electroless nickel plating. The lamellar nanostructure and β-

crystalline phase, both originating from the block copolymer phase separation, are 

conserved within the porous template and nanohybrid. Considering the 

ferroelectric properties of PVDF and the ferromagnetic behavior of nickel, both the 

nanoporous PVDF network and the PVDF/Ni nanocomposite are promising 

materials for nanotechnological applications.  
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PtBMA-b-PVDF-b-PtBMA precursors 
 

 

 

 

 

 

 

 

 

 

PVDF-based block copolymers have been employed as precursors for the 

construction of well-ordered nanocomposites. Poly(tert-butyl methacrylate)-

block-poly(vinylidene fluoride)-block-poly(tert-butyl methacrylate) (PtBMA-b-

PVDF-b-PtBMA) triblock copolymers were synthesized via atom transfer radical 

polymerization of tBMA from chlorine-terminated PVDF macroinitiators. The 

alternating crystalline-amorphous lamellar nanostructure and the spherulitic 

microstructure indicate the dominant role of crystallization of the PVDF 

segments during structure formation. The polar β-crystalline phase of PVDF has 

been detected within the block copolymer films. Hydrolysis of the tBMA 

segments and subsequent backfilling of the remaining polymer template with 

nickel through electroless metal deposition, or with silica via sol-gel synthesis, 

generated PVDF/PMAA/Ni and PVDF/PMAA/SiO2 nanohybrids, respectively. The 

β-polymorph was preserved during hydrolysis and backfilling, as well as the 

lamellar morphology. 

 

Parts of this chapter were published in: RSC Advances 2013, 3, 7938. 



 

 

Chapter 5 

 

122 

5.1 Introduction 

Similar to other fluorinated polymers, poly(vinylidene fluoride) (PVDF) 

demonstrates outstanding thermal, physical and chemical stability.[1] However, 

PVDF is exceptional due to the reported ferroelectric properties of its β-crystalline 

phase,[2-5] originating from the orientation of the strong dipole in the –CH2–CF2– 

units along the polymer chain. A common technique to yield an increase of the 

polar β-phase involves mechanical stretching of α-phase films at suitable 

temperatures.[3] Additionally, the β-polymorph can be obtained directly from 

solution by casting from the proper (polar) solvent,[4-6] or by the incorporation of 

nanoclays.[7] Its ferroelectric behavior together with the high thermal resistance 

and chemical inertness designates PVDF as a functional nanomaterial that can be 

applied in membranes, mechanical actuators, sensors and multiferroic 

composites.[8] 

Block copolymers, consisting of two or more covalently linked polymer blocks, are 

able to microphase separate on a scale related to the size of the copolymer chains 

(10-100 nm), typically leading to lamellar, cylindrical or spherical morphologies. 

This spontaneous formation of nanostructured materials by block copolymer self-

assembly has stimulated extensive research[9-14] due to the wealth of potential 

applications.  

Fluorinated block copolymers containing PVDF segments are of particular interest, 

as potential precursors for ordered nanostructured materials with excellent 

properties. However, such well-architectured copolymers cannot be readily 

polymerized by controlled radical polymerization[15] or sequential living anionic 

polymerization.[16] Nevertheless, a few investigations report on the preparation of 

PVDF-containing block copolymers with reasonable chain lengths and 

polydispersity. For example, trichloromethyl-terminated P(VDF-r-HFP) copolymers, 

prepared through emulsion copolymerization of vinylidene fluoride (VDF) and 

hexafluoropropylene (HFP), were used as macroinitiators for atom transfer radical 

polymerization (ATRP) of styrene (S) and methyl methacrylate (MMA) to prepare 

P(VDF-r-HFP)-b-PS and P(VDF-r-HFP)-b-PMMA respectively.[17] A similar ATRP 

strategy was adopted to synthesize PS-b-PVDF-b-PS.[18] Chlorine-terminated PVDF, 

synthesized via a radical polymerization with chloromethyl benzoyl peroxide, 

initiated the ATRP of styrene in order to obtain PVDF-based block copolymers. The 
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same group also reported the preparation of triblock copolymers composed of 

P(VDF-r-HFP) and ionic liquid segments.[19] A telechelic fluoropolymer acted as 

macro-chain transfer agent in the reversible addition-fragmentation transfer 

(RAFT) polymerization of imidazolium methacrylate monomer. More recently, 

P(VDF-r-TFP)-block-oligo(VAc) was prepared through sequential controlled radical 

polymerization.[20] First, a fluorinated xanthate was successfully involved as chain 

transfer agent for macromolecular design via the interchange of xanthates 

(MADIX) polymerization of VDF and trifluoropropene (TFP). The resulting 

fluorinated copolymer with xanthate end-group was involved in the MADIX of vinyl 

acetate (VAc), leading to diblock copolymers. Despite the successful synthesis of 

several PVDF-based block copolymers, the self-assembly of these fluorinated 

copolymers into ordered nanostructures has hardly been investigated.  

Considering the crystallinity of poly(vinylidene fluoride), the PVDF-containing block 

copolymers discussed above are called semicrystalline, or crystalline-amorphous. 

The phase behavior of this special class of copolymers becomes more complex due 

to the incorporation of the crystallizable blocks.[12,21-23] The final morphology 

depends on the competition between crystallization and microphase separation 

driven by block incompatibility, or more specifically, between three phase 

transitions, i.e. the correlation between the crystallization temperature of the 

crystalline block (Tc), the glass transition temperature of the amorphous block (Tg) 

and the order-disorder transition temperature (TODT). For unconfined 

crystallization (TODT < Tc > Tg), the phase separation between both blocks is driven 

by crystallization of the crystallizable block. As a consequence, alternating 

crystalline-amorphous lamellar nanodomains within a spherulitic microstructure 

are obtained, regardless of the copolymer composition.[24-25] 

Block copolymers can be used as precursors for ordered nanoporous materials 

with desired functionality and controllable pore sizes, provided that one of the 

blocks is thermally, (photo)chemically, or otherwise selectively degradable.[26] This 

concept was introduced and demonstrated already three decades ago.[27] Two 

main requirements for obtaining such porous nanostructured materials are the 

physical accessibility of the etchable component to the degradation process (e.g. 

solvent, heat, UV) and the stability of the matrix material left after degradation, to 

prevent pore collapse.[28] In recent years, many studies reported the fabrication of 

porous nanomaterials from block copolymer precursors, using various etching 
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techniques, like UV irradiation,[29] ozonolysis,[30] reactive ion etching,[31] amphiphile 

extraction[32-33] and thermolysis.[34] Selective hydrolysis is another well-exploited 

technique to generate porous structures. For example, this method has been 

exploited to completely degrade a polymer block such as poly(lactic acid),[35] or to 

selectively cleave polystyrene grafts from a poly(3-hexylthiophene) backbone.[36] 

Additionally, partial hydrolysis of poly(tert-butyl acrylate) (PtBA) segments in PtBA-

b-PS block copolymers generates a porous polymer nanostructure composed of a 

polystyrene matrix and hydrophilic poly(acrylic acid)-coated nanochannels.[37] 

Nanoporous materials from self-assembled block copolymer structures can act as 

templates for functional nanocomposites. Backfilling of nanopores in the polymer 

template will lead to the fabrication of such nanohybrid materials. Commonly used 

methods for backfilling are sol-gel synthesis[38], electrochemical plating[39] and 

electroless plating.[33]  

For instance, the sol-gel process was employed for the mineralization of bulk and 

thin film block copolymer templates with silica (SiO2).
[40-41] Acid-catalyzed 

hydrolysis and condensation of tetraethoxysilane (TEOS) resulted in well-ordered 

nanoscopic PS/SiO2 hybrid materials. Organic-inorganic composites composed of 

PVDF and silica have also been prepared using sol-gel synthesis[42-43] and recent 

studies discuss their use in hybrid electrospun membranes having improved 

mechanical properties with respect to neat PVDF membranes.[44-45] In addition, 

silica-PVDF core-shells, demonstrating high thermal stability and good 

hydrophobicity, were achieved via both “grafting from”[46] and “grafting onto” 

procedures.[47] Nevertheless, nanostructured PVDF/SiO2 composites from PVDF-

based block copolymer templates have not been reported yet. 

Another backfilling technique, electroless nickel plating, involves the autocatalytic 

deposition of metal onto the template surface, and allows the uniform coating of 

metals onto complex shapes and into small pores.[48] For example, a PS/Ni gyroid 

nanohybrid has been prepared through electroless metal plating of a nanoporous 

PS matrix, obtained via the selective hydrolysis of a gyroid-forming block 

copolymer.[49] Considering the magnetic properties of nickel, a similar approach 

using PVDF-based block copolymers will lead to nanostructured PVDF/Ni hybrids 

composed of ferroelectric and ferromagnetic nanodomains. Other multiferroic 

PVDF-based composites, composed of a piezoelectric polymer and 

magnetostrictive compound, have already demonstrated considerable strain-
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coupled magnetoelectric effects,[50-53] i.e. the appearance of an electric 

polarization upon applying a magnetic field, or the appearance of a magnetization 

upon applying an electric field. Well-ordered multiferroic magnetoelectric 

materials may find application in transducers, sensors or memory devices. 

In this chapter, we present the successful synthesis of PVDF-based block 

copolymers: poly(tert-butyl methacrylate)-block-poly(vinylidene fluoride)-block-

poly(tert-butyl methacrylate) (PtBMA-b-PVDF-b-PtBMA), via functional benzoyl 

peroxide initiated polymerization of VDF, and ATRP of tBMA from the resulting 

PVDF macroinitiator (Scheme 5.1). Subsequently, the phase separation of these 

semicrystalline triblock copolymers into ordered nanostructures is investigated. In 

addition, we report the selective hydrolysis of the PtBMA blocks to 

poly(methacrylic acid) (PMAA) (Scheme 5.1), followed by electroless metal 

deposition onto the resulting polymer template, leading to lamellar 

PVDF/PMAA/Ni nanocomposites. Alternatively, liquid-phase sol-gel growth of 

silicon oxide was performed in the hydrophilic template, resulting in well-ordered 

PVDF/PMAA/SiO2 nanohybrids. 

 

 
Scheme 5.1 Synthesis route towards the 4-(chloromethyl)benzoyl peroxide initiator, 
chlorine-terminated PVDF macroinitiator, PtBMA-b-PVDF-b-PtBMA triblock copolymer and 
PMAA-b-PVDF-b-PMAA triblock copolymer. 
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5.2 Experimental 

5.2.1 Materials 

Tert-butyl methacrylate (tBMA, Aldrich, 98%) was dried overnight in nitrogen 

atmosphere over CaH2 and condensed at room temperature (10-6 mbar). Oxalyl 

chloride (Acros, 98%), 4-(chloromethyl)benzoic acid (Acros, 98%), lithium peroxide 

(Li2O2, Acros, 95%), vinylidene fluoride (VDF, Synquest Labs, 98%), copper(I) 

chloride (CuCl, Acros, 99.99%), 1,1,4,7,7-pentamethyldiethylenetriamine 

(PMDETA, Acros, 99+%), trifluoroacetic acid (TFA, Acros, 99%), tin chloride (SnCl2, 

Acros, 98%), hydrochloric acid (HCl, Merck, 37%), palladium chloride (PdCl2, 

Aldrich, 60% Pd basis), nickel sulfate (NiSO4·6H2O, Aldrich, 99%), citric acid 

trisodium salt (Na3C6H5O7, Aldrich, 98%), lactic acid (SAFC, 85%), borane 

dimethylamine complex (DMAB, Aldrich, 97%), ammonium hydroxide (NH4OH, 

Aldrich, 29% NH3 basis) and tetraethyl orthosilicate (TEOS, Aldrich, +99%) were 

used as received. All solvents used were of analytical grade. 

5.2.2 Synthesis of 4-(chloromethyl)benzoyl peroxide 

Oxalyl chloride (5.4 mL, 63 mmol) and a few drops of anhydrous DMF were added 

to a stirred solution of 4-(chloromethyl)benzoic acid (10 g, 59 mmol) in 50 mL of 

anhydrous DCM at 0 °C. After reacting for 2 h at room temperature, the solvent 

was removed by rotary evaporation. The remaining yellow residue was 

immediately dissolved in 100 mL n-hexane/Et2O (1:1). The resulting solution was 

slowly added via a droplet funnel to a rapidly stirred 50 mL aqueous solution of 

Li2O2 (3.5 g, 75 mmol) at 0 °C. After reacting for 2 h at room temperature, the 

reaction mixture was diluted with 250 mL chloroform and washed twice with 100 

mL H2O. The aqueous phase was extracted twice with 50 mL chloroform. The 

combined organic phases were dried over MgSO4 and chloroform was 

subsequently removed by rotary evaporation. The remaining white solid was 

recrystallized from chloroform, yielding white needle-shaped crystals. 1H-NMR 

(400 MHz, DMSO-d6, δ): 8.12 (d, 4H, –ArH), 7.76 (d, 4H, –ArH), 4.95 (s, 4H,  

–PhCH2Cl). 
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5.2.3 Synthesis of chlorine-terminated PVDF 

A typical procedure for the polymerization of vinylidene fluoride is as follows. A 

solution of 4-(chloromethyl)benzoyl peroxide (1.5 g, 4.5 mmol) in 300 mL of 

anhydrous acetonitrile was added to a pressure reactor (Figure 2.1: Parr 

Instruments, model 4568). The vessel was closed and purged with nitrogen for 30 

min to degas the mixture. Subsequently, the reactor was charged with 20 bar of 

VDF, heated to 90 °C and stirred at 700 rpm. After reacting for 15 min, the vessel 

was cooled down to room temperature and depressurized. The reaction mixture 

was cooled to 0 °C, and the precipitate was collected by filtration. The remaining 

solid was washed with acetonitrile and chloroform, and finally dried in vacuo at 

room temperature to yield a white solid. 1H-NMR (400 MHz, DMSO-d6, δ): 8.01 (d, 

–ArH), 7.61 (d, –ArH), 4.84 (s, –PhCH2Cl), 4.64 (m, –COOCH2CF2–), 2.87 (m,  

–CF2CH2–CF2CH2–, head-to-tail), 2.23 (m, –CF2CH2–CH2CF2–, tail-to-tail). 

5.2.4 Synthesis of PtBMA-b-PVDF-b-PtBMA 

A typical procedure for the atom transfer radical polymerization of tBMA is as 

follows. Chlorine-terminated PVDF (0.39 g, 0.025 mmol) and CuCl (50 mg, 0.50 

mmol) were added to a dried Schlenk tube sealed with rubber septum, followed by 

a degassing procedure (i.e. evacuating and backfilling three times with nitrogen). 

5.0 mL of anhydrous DMF was added via a degassed syringe to dissolve the PVDF 

macroinitiator. PMDETA (0.31 mL, 1.5 mmol) was added via a degassed syringe 

and the solution was stirred for at least 10 min to let the dark green colored 

catalyst/ligand complex form. Subsequently, tBMA (2.84 mL, 17.5 mmol) was 

added via a degassed syringe, and the reaction mixture was immediately subjected 

to at least four freeze-pump-thaw cycles to degas. After reacting at 75 °C for a 

desired amount of time, the dark-brown mixture was cooled down to room 

temperature using a water bath and subsequently precipitated in MeOH/H2O (100 

mL, 1 : 1). The solid was collected by filtration and washed with MeOH/H2O (1 : 1) 

and methanol. Reprecipitation was carried out from DMF in MeOH/H2O (1 : 1), and 

the collected off-white solid was dried in vacuo at 40 °C (Table 5.1). 1H-NMR (400 

MHZ, acetone-d6, δ): 2.94 (m, –CF2CH2–CF2CH2–, head-to-tail), 2.35 (m, –CF2CH2–

CH2CF2–, tail-to-tail), 1.88 (m, –CH2C(CH3)(COOtBu), 1.48 (m,  

–CH2C(CH3)(COOtBu)–), 1.09 (m, –CH2C(CH3)(COOtBu)–). 
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Table 5.1 Conditionsa and characteristics of PtBMA-b-PVDF-b-PtBMA. 

entry [CuCl] 

(M) 

[PMDETA] 

(M) 

t 

(h) 

conv
b 

(%) 

Mn,PtBMA
c 

(kg·mol
-1

) 

fPtBMA
c 

1 0.10 0.30 2.0 15 12.2 0.44 

2 0.10 0.30 3.0 17 18.5 0.54 

3 0.05 0.05 3.0 20 21.4 0.58 
a [PVDF] = 5 mM; [tBMA] = 3.5 M; T = 75°C. b Determined by 1H-NMR of reaction mixture. 
c Determined by 1H-NMR of precipitated product. 

 

5.2.5 Preparation of block copolymer films 

Solvent annealing was applied to obtain a phase separated block copolymer 

nanostructure. A 1.5% w/w solution of PtBMA-b-PVDF-b-PtBMA in DMF (or NMP) 

was stirred for at least 2 h at room temperature and the solution was 

subsequently poured in a glass Petri dish. The solvent was allowed to slowly 

evaporate at 45 °C and the film was annealed in the solvent vapor for at least one 

week, yielding a slightly yellow transparent film with a thickness of ca. 50 µm. 

5.2.6 Hydrolysis of block copolymer films 

Hydrolysis of the PtBMA-b-PVDF-b-PtBMA film was performed to remove the tert-

butyl moieties of tBMA. The film was submerged in 10 mL of TFA. After 16 h, the 

TFA was decanted, and the hydrolyzed film was rinsed with methanol. The 

resulting film was immediately subjected either to the electroless nickel plating 

procedure or sol-gel process, as described below. 

5.2.7 Preparation of PVDF/PMAA/Ni nanocomposites 

Electroless metal plating was applied for nickel deposition onto the polymer 

substrate. For surface sensitization, the hydrolyzed film was immersed into a 

solution of SnCl (0.1 M) and HCl (0.1 M) in MeOH/H2O (1 : 1) for 1 h, and the 

surface of the pores adsorbed Sn2+. The sensitized film was rinsed with MeOH/H2O 

(1 : 1) and soaked into a solution of PdCl2 (1.4 mM) and HCl (0.25 M) in MeOH/H2O 

(1 : 1) for 1 h. The surface was activated by a redox reaction (Sn2+ + Pd2+ → Sn4+ + 

Pd0) to exchange Sn2+ adsorbed on the surface into Pd0. After a rinse with 

MeOH/H2O (1 : 1), the activated film was immersed into an aqueous electroless 

nickel plating bath composed of NiSO4·6H2O (40 g/L), Na3C6H5O7 (20 g/L), lactic 
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acid (10 g/l) and DMAB (1 g/L). The metallic palladium functions as a catalyst for 

the reduction of Ni2+. The pH of the nickel bath was adjusted to 7 using an aqueous 

solution of NH4OH (1.0 M), and the plating was performed at room temperature 

for 1 h. The nickel plated film was rinsed with H2O and dried in vacuo at room 

temperature. 

5.2.8 Preparation of PVDF/PMAA/SiO2 nanocomposites 

The block copolymer was also used as a template for the sol-gel synthesis of silica. 

The hydrolyzed film was immersed in a TEOS / HCl (0.1 M) / MeOH solution 

(weight fraction 10 : 1 : 25). The mixture was stirred at room temperature. After 72 

h, the films were rinsed with H2O and MeOH and dried overnight in vacuo at 40 °C. 

5.2.9 Characterization 

Gel permeation chromatography (GPC) was performed in DMF (1 mL/min) with 

0.01 M LiBr on a Viscotek GPCMAX equipped with model 302 TDA detectors, using 

two columns (PSS-Gram-1000/30, 10 μ 30 cm). Molecular weights were calculated 

relative to polystyrene according to universal calibration using narrow disperse 

standards (Polymer Laboratories).  
1H nuclear magnetic resonance (1H-NMR) spectra were recorded on a 400 MHz 

Varian VXR operating at room temperature.  

Differential scanning calorimetry (DSC) was carried out using a TA Instruments 

Q1000 in nitrogen atmosphere and with a heating/cooling rate of 10 °C/min.  

Polarized optical microscopy (POM) was conducted on a Zeiss Axiophot and the 

samples were placed between crossed polarizers. 

Fourier transform infrared (FTIR) spectroscopy measurements were performed in 

attenuated total reflection (ATR) mode, using a Specac Golden Gate accessory with 

diamond top-plate on a Bruker IFS88 spectrometer equipped with MCT-A detector 

at a resolution of 4 cm-1.  

Thermal gravimetric analysis (TGA) was performed on a Perkin Elmer 

thermogravimetric analyzer TGA 7. A temperature scan rate of 10 °C/min was 

applied. 

Wide-angle X-ray scattering (WAXS) and Small-angle X-ray scattering (SAXS) were 

performed at the Dutch-Belgium Beamline (DUBBLE) station BM26B of the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, France.[54-55] The 

sample-detector distance of the SAXS set-up was ca. 6 m, while the X-ray 
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wavelength was 1.03 Å. The scattering vector q is defined as q = 4π/λsinθ with 2θ 

being the scattering angle. Temperature-resolved measurements were performed 

using a Linkam DSC 600 cell. 

Bright-field transmission electron microscopy (TEM) was carried out on a Philips 

CM12 transmission electron microscope operating at an accelerating voltage of 

120 kV. TEM samples were prepared as follows: ultrathin sections (ca. 80 nm) of 

the sample embedded in epoxy resin (Epofix, Electron Microscopy Sciences) were 

microtomed using a Leica Ultracut UCT-ultramicrotome equipped with a 35° 

Diatome diamond knife at room temperature, and subsequently placed on copper 

grids.  

Scanning electron microscopy (SEM) was carried out on a JEOL 6320F field 

microscope operating at 3 kV. Prior to imaging, the specimens were coated with 6 

nm Pt/Pd (80:20).  

Energy-dispersive X-ray (EDX) spectroscopy of the Ni-containing composite was 

performed on a Philips XL-30 environmental scanning electron microscope. EDX 

spectroscopy of the SiO2-containing composite was performed on a JEOL-JEM-

2010F transmission electron microscope. 

 
Figure 5.1 1H-NMR spectra of (a) chlorine-terminated PVDF in DMSO-d6 and (b) PtBMA-b-
PVDF-b-PtBMA triblock copolymer in acetone-d6. 
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5.3 Results and discussion 

5.3.1 Synthesis 

PtBMA-b-PVDF-b-PtBMA triblock copolymers were synthesized via functionalized 

benzoyl peroxide initiated polymerization of vinylidene fluoride, followed by atom 

radical transfer polymerization of tert-butyl methacrylate from the resulting PVDF 

macroinitiator (Scheme 5.1). 

Functionalized benzoyl peroxides have demonstrated to act as effective initiators 

for the preparation of poly(vinylidene fluoride) and other fluoropolymers,[18,56] and 

the synthesis of a library of end-functionalized PVDF, using 4-

(chloromethyl)benzoyl peroxide as an initiator, is described in Chapter 4. Due to 

the absence of termination through disproportionation, the benzoyl peroxide 

initiated polymerization of vinylidene fluoride results in chlorine-terminated PVDF 

with polydispersities in the range of 1.2-1.4. Considering the phenylmethyl 

chlorine end-groups and the reasonably narrow dispersity, these PVDF 

homopolymers are suitable to be employed as macroinitiators in atom transfer 

radical polymerization.  

ATRP has proven to be a versatile polymerization technique, effective in providing 

a controlled polymerization environment for a wide range of vinyl monomers 

including styrenes, (meth)acrylates, (meth)acrylamides and acrylonitriles.[15] In this 

study, we report the synthesis of PtBMA-b-PVDF-b-PtBMA triblock copolymers, 

using a similar ATRP approach as for PS-b-PVDF-b-PS (Chapter 4). 

The chlorine-terminated PVDF used to initiate the controlled radical 

polymerization of tert-butyl methacrylate has a molecular weight (Mn,PVDF) of 15.7 

kg·mol-1 and polydispersity (PDI) of 1.29. Three block copolymers were prepared 

through ATRP of tBMA from this macroinitiator, using CuCl/PMDETA as 

catalyst/ligand complex (Table 5.1). The 1H-NMR spectra of Cl-PVDF-Cl and PtBMA-

b-PVDF-b-PtBMA are depicted in Figure 5.1. The spectrum of the triblock 

copolymer (Figure 5.1b) demonstrates the characteristic signals (assigned in the 

experimental section) for poly(tert-butyl methacrylate) in addition to the typical 

head-to-tail and tail-to-tail signals for poly(vinylidene fluoride). The number 

average molecular weight (Mn,PtBMA) and weight fraction (fPtBMA) of the tBMA block 

were calculated by comparing the integrals of PtBMA and PVDF, using the 

predetermined Mn,PVDF. The monomer conversion (conv) was determined from 1H-
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NMR spectra of the reaction mixture, by comparing the integrals of tBMA and 

PtBMA. 

Thermal analysis reveals the glass transition temperature of PtBMA segments at 

131 °C and the melting endotherm of PVDF at 171 °C in the heat flow curve of the 

synthesized block copolymer (Figure 5.2b), indicating phase separation between 

both blocks. The double melting endotherm of PVDF (Figure 5.2a) is a common 

phenomenon in semicrystalline polymers and is ascribed to melting, 

recrystallization and remelting during the DSC heating process.[57] 

To investigate the controlled behavior of the atom transfer radical polymerization 

method, kinetic analysis has been performed. The semilogarithmic plot of 

monomer conversion versus time (Figure 5.3a) suggests minimal contribution of 

termination reactions during the polymerization. Moreover, the linear relationship 

between molecular weight and conversion (Figure 5.3b) confirms the controlled 

radical polymerization of tert-butyl methacrylate when initiated by the chlorine-

terminated PVDF. 

 
Figure 5.2 DSC curves of (a) chlorine-terminated PVDF, (b) PtBMA-b-PVDF-b-PtBMA 
triblock copolymer and (c) PMAA-b-PVDF-b-PMAA after hydrolysis. 
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Figure 5.3 (a) Kinetic plot and (b) linear dependence of molecular weight on the monomer 
conversion for ATRP of tBMA. 

5.3.2 Phase behavior 

The crystallization temperature of PVDF (Tc = 143 °C) exceeds the glass transition 

of tert-butyl methacrylate (Tg = 131 °C), as demonstrated by thermal analysis. As a 

result, the amorphous segments are rubbery during crystallization (Tg < Tc). 

Furthermore, similar to double-crystalline PLLA-b-PVDF-b-PLLA copolymers 

(Chapter 2), a disordered melt state is observed during temperature dependent 

small-angle X-ray experiments (Figure 5.4), indicating that the block 

incompatibility is relatively small (TODT < Tc). As a consequence, crystallization is 

expected to be the dominating self-organizing mechanism, giving rise to 

crystalline-amorphous lamellar nanodomains within a spherulitic superstructure. 

Indeed, spherulites are observed at the microscale with a diameter of 30-40 μm, 

as displayed in the polarized optical microscope image (Figure 5.5). 

TEM and SAXS measurements have been performed to further investigate the 

nanoscale structure of the triblock copolymer films. Figure 5.6a depicts the TEM 

micrograph of PtBMA-b-PVDF-b-PtBMA cast from DMF solution, revealing the 

predicted lamellar nanostructure inside the spherulitic microstructure (Figure 5.5). 

This confirms the dominant role of crystallization during structure formation. 

Moreover, all three triblock copolymers (Table 5.1) demonstrate a similar 

morphology in TEM. The crystalline layers in the block copolymer structure appear 

dark in the bright-field TEM image. The alternating crystalline-amorphous lamellar 

morphology was confirmed by small-angle X-ray experiments. The SAXS intensity 

profile of the block copolymer film (Figure 5.6b) demonstrates a diffraction pattern 
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with a q ratio of 1 : 2, indicative for a lamellar nanostructure. The characteristic 

domain spacing, calculated from the value of the first-order reflection q* = 0.12 

nm-1, satisfies 52 nm, and corresponds to the length scale observed with TEM 

(Figure 5.6a). 

 
Figure 5.4 SAXS patterns of PtBMA-b-PVDF-b-PtBMA 2 (a) in the melt state at 180 °C and 
(b) at room temperature. 
 

 
Figure 5.5 POM image of the spherulitic microstructure in PtBMA-b-PVDF-b-PtBMA 2 cast 

from DMF solution. 
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Figure 5.6 (a) Bright-field TEM image and (b) SAXS pattern of the alternating crystalline-
amorphous lamellar nanostructure in PtBMA-b-PVDF-b-PtBMA 2 cast from DMF solution. 
 

The crystalline phase behavior of the triblock copolymers has been explored using 

wide-angle X-ray scattering. The WAXS pattern of the PtBMA-b-PVDF-b-PtBMA 

copolymer (Figure 5.7a2) reveals a diffraction at q = 14.2 nm-1 (0.44 nm), that 

arises from the (110) and (200) β-crystal planes.[58-59] The diffraction pattern 

demonstrates a clear difference with the WAXS intensity profile of the PVDF 

macroinitiator (Figure 5.7a1), that reveals diffraction peaks at q = 12.5 nm-1 (0.50 

nm), 13.0 nm-1 (0.48 nm) and 14.0 nm-1 (0.45 nm). These peak positions 

correspond respectively to the (100), (020) and (110) α-crystal planes. Hence, the 

crystalline phase of the homopolymer can be identified as predominantly α-

polymorph, while the self-assembled block copolymer film stimulates the 

formation of the polar β-polymorph of PVDF, well-known for its ferroelectric 

properties. The presence of poly(tert-butyl methacrylate) layers is expected to 

stimulate the nucleation of the PVDF chains in the all-trans conformation resulting 

in the β-crystalline phase, similar to the effect demonstrated in well-dispersed 

layered silicates embedded in PVDF.[7,60] Additionally, we suggest the strong 

influence of the cast solution. This influence is clearly demonstrated by comparing 

the WAXS patterns of PtBMA-b-PVDF-b-PtBMA films cast from NMP and DMF 

solutions (Figure 5.7b). The intensity profile of the film cast from DMF reveals 

mainly β-polymorph (Figure 5.7b2), while the film cast from NMP demonstrates a 

mixture of α- and β-phase (Figure 5.7b1). Although both solvents are highly polar, 

demonstrating equal dipole moments of 3.8 D,[61] the lower boiling point of DMF 

will result in a higher vapor pressure during the solvent annealing at 45 °C, 

therefore stimulating the formation of the polar β-polymorph to a higher extent. 
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Figure 5.7 (a) WAXS pattern of (1) chlorine-terminated PVDF, (2) PtBMA-b-PVDF-b-PtBMA 
film (cast from DMF solution), (3) PMAA-b-PVDF-b-PMAA film (after hydrolysis) and (4) 
PVDF/PMAA/Ni nanocomposite; and (b) WAXS pattern of (1) PtBMA-b-PVDF-b-PtBMA film 
cast from NMP solution and (2) PtBMA-b-PVDF-b-PtBMA film cast from DMF solution. 

5.3.3 Hydrolysis 

The selective removal of tert-butyl moieties from PtBMA segments in the triblock 

copolymer provides a convenient route towards a nanoporous PVDF template with 

hydrophilic pores. In order to achieve this, hydrolysis with TFA has been applied to 

PtBMA-b-PVDF-b-PtBMA films cast from DMF solution (Scheme 5.1).  

The success of the hydrolysis reaction can be determined by infrared 

spectroscopy. FTIR spectra of the block copolymer films before and after 

hydrolysis are represented in Figure 5.8a and b, respectively. The disappearance of 
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the tert-butyl double absorption band at 1393/1366 cm-1 demonstrates the 

quantitative removal of tert-butyl groups. Moreover, the C=O absorption band at 

1719 cm-1 is broadened and shifted to 1700 cm-1 due to the formation of carboxylic 

acid moieties. The appearance of the broad band between 2500 and 3500 cm-1 

attributed to the O-H vibration supports those findings. 

The glass transition at 131 °C of the amorphous PtBMA segments is absent in the 

heat flow curve of the hydrolyzed film (Figure 5.2c), confirming the complete 

removal of tert-butyl groups by applying the TFA hydrolysis treatment. The Tg of 

poly(methacrylic acid) is reported to be 228 °C,[62] and is therefore not visible in 

the depicted DSC curve. Additionally, thermogravimetric analysis was carried out 

to investigate the hydrolysis (Figure 5.9). The PtBMA-b-PVDF-b-PtBMA copolymer 

presents two stages in the degradation process, in which the first stage 

corresponds to the degradation of tert-butyl groups. The absence of this 

degradation step in the curve of the treated film again confirms the successful 

hydrolysis of tBMA. 

 
Figure 5.8 FTIR spectra of (a) PtBMA-b-PVDF-b-PtBMA 2 cast from DMF solution and (b) 
PMAA-b-PVDF-b-PMAA after hydrolysis of the triblock copolymer film. 



 

 

Chapter 5 

 

138 

 

Figure 5.9 TGA curves of PtBMA-b-PVDF-b-PtBMA 2 cast from DMF solution (solid) and 
PMAA-b-PVDF-b-PMAA after hydrolysis of the triblock copolymer film (dashed). 

 

 

Figure 5.10 SEM image of cross section of the block copolymer film after hydrolysis of the 
tert-butyl moieties in PtBMA.  
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In an attempt to study the bulk morphology, the treated films were cleaved after 

drying, and subsequently investigated by scanning electron microscopy. Despite 

the successful hydrolysis of PtBMA-b-PVDF-b-PtBMA to PMAA-b-PVDF-b-PMAA, no 

nanoporous structure was detected (Figure 5.10). Presumably, the lamellar matrix 

is not able to support the resultant nanoporous structure after removal of the tert-

butyl groups, leading to the collapse of lamellar domains after drying the films. To 

circumvent the structure collapse, the wetted samples were immediately 

subjected to the backfilling process after the methanol rinsing step, without 

further drying. 

The WAXS intensity profile of the hydrolyzed film (Figure 5.7a3) is comparable to 

the pattern of the initial block copolymer film (Figure 5.7a2), with a diffraction at q 

= 14.2 nm-1 (0.44 nm) corresponding to the (110)/(200) β-crystal planes. Thus, 

regardless of the nanostructure collapse upon drying, the β-crystalline phase is 

conserved during the acidic hydrolysis treatment.  

5.3.4 Nickel plating 

Electroless metal deposition has been performed on the hydrolyzed films, in order 

to insert nickel inside the polymer template. The high affinity between the 

aqueous plating solutions and the hydrophilic polymer template is beneficial for 

successful metal deposition. Immediately after the hydrolysis treatment the films 

were subjected to the sensitization step of the plating process, to prevent the 

collapse of the lamellar matrix, observed upon drying.  

Figure 5.11 displays TEM micrographs of the electroless plated films. The images 

demonstrate the successful deposition of nickel inside the polymer template. 

Nickel completely penetrated the pores in the polymer matrix, resulting in a 

lamellar PVDF/PMAA/Ni nanocomposite. The hydrophilic nature of the PMAA-

coated pores facilitates the complete penetration of the water-based plating 

reagents into the polymer network and enables the successful metal deposition. 

The nickel layers appear dark in the TEM image, while the polymer domains 

appear bright. The original lamellar morphology is clearly preserved within the 

obtained polymer/nickel nanohybrid. In fact, the TEM images of the 

nanocomposite (Figure 5.11) resemble the micrograph of the block copolymer 

nanostructure (Figure 5.6a).    
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Figure 5.11 Bright-field TEM images of the PVDF/PMAA/Ni nanocomposite with a lamellar 
morphology, obtained after nickel plating of the hydrolyzed polymer template. 
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The chemical composition of the PVDF/PMAA/Ni nanocomposite has been 

investigated by energy-dispersive X-ray spectroscopy. Therefore, the nickel plated 

films were cleaved, and the EDX spectrum of the corresponding cross section is 

depicted in Figure 5.12. The carbon (0.28 keV), oxygen (0.53 keV) and fluorine 

(0.68 keV) peaks correspond to the presence of PVDF and PMAA within the 

composite. The signals at 0.85 and 7.48 keV represent nickel, demonstrating the 

successful penetration of nickel inside the pores of the polymer matrix.  

The WAXS intensity profile of the obtained nanocomposite is displayed in Figure 

5.7a4. The diffraction pattern is comparable to the profiles of the original block 

copolymer and the hydrolyzed film. Again, the pattern demonstrates the presence 

of the β-polymorph of PVDF. The crystalline phase of the block copolymer film is 

preserved both during the hydrolysis treatment and the electroless nickel 

deposition. The PVDF/PMAA/Ni composite can be designated as a promising 

nanomaterial, considering the reported ferroelectric and ferromagnetic properties 

of PVDF and nickel, respectively. Hence, the properties of the nanocomposite and 

its block copolymer precursors are further explored in Chapter 6. 

 
Figure 5.12 EDX spectrum of a cross section of the PVDF/PMAA/Ni nanocomposite, 
obtained after electroless nickel plating of the hydrolyzed polymer template. 
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In Chapter 4 a similar strategy was used to generate PVDF/Ni nanocomposites 

from PS-b-PVDF-b-PS triblock copolymers. The lamellar morphology and β-phase 

were also preserved throughout the complete fabrication process. Nevertheless, 

several differences in structure and properties have been observed. First of all, 

PVDF/Ni nanocomposites provide a direct contact between PVDF and nickel phase, 

while a small layer of poly(methacrylic acid) prevents that intimate contact in the 

PVDF/PMAA/Ni system. This may affect the potential strain coupling between the 

piezoelectric and magnetostrictive phase.[63] On the other hand, the hydrophilic 

nature of the PMAA-coated pores facilitates the penetration of plating reagents 

inside the block copolymer template, resulting in a higher extent of Ni insertion 

with respect to the previously described PVDF/Ni composites, according to EDX 

analysis. 

5.3.5 Sol-gel synthesis 

Alternatively, the polymer template was mineralized with SiO2 using a liquid-phase 

sol-gel approach with tetraethoxysilane as silica precursor. Similar to the nickel 

plating process, the films were submerged in the sol-gel reaction mixture 

immediately after the TFA hydrolysis treatment, to prevent pore collapse upon 

drying.  

The acid-catalyzed hydrolysis and condensation of TEOS within the polymer 

template resulted in the successful formation of silica, as indicated by the FTIR 

spectra presented in Figure 5.13. The strong absorption band at 1070 cm-1, visible 

in the spectrum of the film after sol-gel treatment (Figure 5.13b), corresponds to 

Si-O-Si stretching, which cannot originate from the silicate precursor.[43]  

EDX analysis of the cross section of the film is displayed in Figure 5.14. Carbon, 

oxygen and fluorine signals correspond to PVDF and PMAA, while the peak at 1.75 

keV is attributed to silicon, demonstrating the penetration of silica within the 

polymer matrix. The presence of Cu (0.94 keV) originates from the copper grid that 

was used as a support during measurement. 
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Figure 5.13 FTIR spectra of (a) PMAA-b-PVDF-b-PMAA after TFA hydrolysis of the triblock 
copolymer film and (b) PVDF/PMAA/SiO2 nanohybrid after the sol-gel process. 

 
Figure 5.14 EDX spectrum of the PVDF/PMAA/SiO2 nanohybrid, obtained after 
mineralization of the hydrolyzed polymer template. 

 

TEM images of the mineralized films are depicted in Figure 5.15. The micrographs 

reveal the successful deposition of SiO2 inside the polymer template. No staining 

has been applied prior to imaging and the contrast arises from the strong 

scattering of the silicon-containing microdomains (in dark) compared to the 

polymer regions.[64] The silica network penetrated the pores of the polymer matrix, 
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resulting in a well-ordered PVDF/PMAA/SiO2 nanocomposite. The lamellar 

morphology resembles the original block copolymer nanostructure (Figure 5.6a) 

and the β-crystalline phase of PVDF is also preserved throughout the liquid-phase 

sol-gel process, as indicated by the WAXS pattern of the nanohybrid material 

(Figure 5.16). 

 

    
Figure 5.15 Bright-field TEM images of PVDF/PMAA/SiO2 nanohybrid with a lamellar 
morphology, obtained after mineralization of the hydrolyzed polymer template. 

 
Figure 5.16 WAXS pattern of PVDF/PMAA/SiO2 nanohybrid, obtained after mineralization 
of the hydrolyzed polymer template. 
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Scheme 5.2 Schematics representing the route towards well-ordered PVDF-based 
nanohybrids. First, solvent annealing of PtBMA-b-PVDF-b-PtBMA is applied to obtain a 
phase separated lamellar block copolymer nanostructure. Next, hydrolysis of the tert-butyl 
moieties in tBMA leads to a block copolymer template. Subsequently, mineralization of the 
polymer scaffold with SiO2 via sol-gel synthesis results in a lamellar PVDF/PMAA/SiO2 
nanocomposite, while electroless nickel plating leads to lamellar PVDF/PMAA/Ni. 

 

The use of an alternative backfilling method, i.e. sol-gel synthesis, demonstrates 

the versatility of the presented approach in this chapter. The route towards well-

ordered nanoscopic PVDF-based composite materials is schematically represented 

in Scheme 5.2.  

5.4 Conclusion 

The fabrication route towards PVDF/PMAA/Ni and PVDF/PMAA/SiO2 

nanocomposites has been discussed. Therefore, PtBMA-b-PVDF-b-PtBMA triblock 

copolymers were synthesized as precursor material. First, a functional benzoyl 

peroxide initiated polymerization of VDF was employed, followed by ATRP of tBMA 

from the resulting Cl-PVDF-Cl macroinitiator.  

Due to the dominant role of crystallization during structure formation, alternating 

crystalline-amorphous lamellar nanodomains were observed within a spherulitic 

microstructure. Moreover, the desired β-polymorph of PVDF, known for its 
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ferroelectric properties, has been found in the block copolymer films. Both the 

presence of the amorphous PtBMA segments and the use of DMF as cast solution 

stimulates the nucleation of PVDF chains in the all-trans conformation, resulting in 

the β-crystalline phase. 

The tert-butyl moieties of the tBMA domains were selectively removed by acidic 

hydrolysis using TFA. Subsequently, backfilling of the polymer template with nickel 

was achieved by applying electroless metal deposition. The resulting 

PVDF/PMAA/Ni nanohybrid material demonstrated a lamellar morphology, 

originating from the block copolymer phase separation. Furthermore, the β-

polymorph of PVDF is conserved within the hydrolyzed polymer template and the 

nanocomposite. In comparison to the previously reported PVDF/Ni 

nanocomposites fabricated from PS-b-PVDF-b-PS precursors (Chapter 4), a higher 

extent of nickel insertion was accomplished, due to the hydrophilic PMAA-coated 

pores that facilitate the complete penetration of the water-based plating reagents 

into the polymer network. The next chapter focuses mainly on the ferromagnetic 

and ferroelectric properties of the PVDF-based nanocomposites and block 

copolymer templates, respectively. 

Alternatively, a sol-gel process was performed to deposit silica inside the 

hydrophilic polymer template, resulting in well-ordered lamellar PVDF/PMAA/SiO2 

nanohybrids. The results demonstrate the versatility of the developed fabrication 

route towards PVDF-based nanocomposite materials using PVDF-containing block 

copolymer precursors.  
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Structure and properties of  

PVDF-based nanomaterials 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fabrication of well-ordered nanocomposites consisting of poly(vinylidene 

fluoride) (PVDF), poly(methacrylic acid) (PMAA) and nickel has been described in 

the previous chapter. Here, the ferromagnetic properties of those composites 

and ferroelectric behavior of their block copolymer precursor materials are 

reported. The ferroelectric β-phase of PVDF is observed in all samples, and the 

local hysteresis loops, measured with piezoresponse force microscopy, 

confirmed the polarization switching in the block copolymer films. In addition, 

PVDF/PMAA/Ni nanocomposites demonstrated room temperature 

ferromagnetism.  
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6.1 Introduction 

Multiferroic (MF) materials possess at least two ferroic orders, i.e. ferroelectricity, 

ferromagnetism and ferroelasticity, and are considered as promising candidates 

for application in multifunctional devices.[1-2] Magnetoelectric (ME) coupling may 

arise in materials in which ferroelectric (FE) and ferromagnetic (FM) properties 

coexist. The ME effect is described as the appearance of an electric polarization 

upon applying a magnetic field, or the appearance of a magnetization upon 

applying an electric field.[2-4] Note that not all multiferroic materials are 

magnetoelectric and vice versa (Figure 6.1). However, it is believed that 

multiferroics are among the materials with the highest ME response. 

 

 
Figure 6.1 Relationship between ferroelectric materials (green) and ferromagnetic 
materials (black). The intersection (red) between both represents materials that possess 
both ferroic orders: multiferroics. Magnetoelectric coupling (blue) may arise in any of the 
materials that are both magnetically and electrically polarizable. (Reprinted by permission 
from Macmillan Publishers Ltd: NATURE [1], copyright 2006.) 

 

Multiferroics can be divided into two groups: single-phase and composite 

materials. In contrast to single-phase materials, MF composites that combine 

distinct ferroelectric and ferromagnetic phases can produce a large ME effect at 

room temperature.[1-3] Such materials may find potential applications in sensor and 

information storage industry, since the coupling can permit data to be written 

electrically and read magnetically in the case of composites. The ME coupling is 

achieved via elastic interaction between a magnetostrictive and piezoelectric 

phase. This strain-mediated ME effect is strongly dependent on the composite 
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microstructure and interaction across the composite interface. Besides 

conventional ceramic composites, polymer-based ME composites, combining 

ferroelectric PVDF with a magnetostrictive phase, have been fabricated in recent 

years and demonstrated significant ME coefficients.[2,5-8] 

In piezoelectric materials, an electrical polarization is produced in response to 

applied mechanical stress (direct piezoelectric effect), or vice versa, a mechanical 

displacement is observed when applying an electric field (converse piezoelectric 

effect).[9-10] A special class of piezoelectrics possess a spontaneous polarization (P) 

that can be reversed upon application of an electric field (E): ferroelectric 

materials.[3,11] Their ability to exist in different polarized states (“1” and “0”) and to 

switch the polarization in an electric field allows the application of ferroelectrics in 

memory devices and field effect transistors.[9]  

The development of ferroelectric-based electronic devices requires detailed 

knowledge of local electromechanical activity on the nanometer scale. High 

resolution measurements on ferroelectrics became available with the 

development of a new technique from the field of scanning probe microscopy, i.e. 

piezoresponse force microscopy (PFM).[9,12-13] The principle of PFM was first 

introduced by Dransfeld and co-workers.[14-15]  

In PFM, an alternating current (AC) voltage is applied to a conductive tip in contact 

with the sample surface, thereby detecting the sample deformation due to the 

converse piezoelectric effect (Figure 6.2).[9,12,16] The PFM tip acts as a mobile top 

electrode, and the AC voltage generates a local sample oscillation. The out-of-

plane component of the resulting vibration is represented as Δz(t) = d33VAC 

sin(ωt+ϕ). The phase of this electromechanical vibration, referred to as the 

piezoresponse (PR) phase (ϕ), yields information on the polarization direction 

below the tip. For example, the polarization can be in the same or opposite 

direction of the applied electric field, resulting in in-phase (ϕ = 0°) or out-of-phase 

(ϕ = 180°) sample vibration with respect to the applied AC voltage (VAC), 

respectively. On the other hand, the PR amplitude (A = d33VAC) is related to 

magnitude of the piezoresponse and can be used to derive the piezoelectric 

coefficient d33. In contrast to the PR phase, the amplitude of the piezoresponse 

signal is independent on the polarization direction. In order to extract the PR signal 

from the topography signal, a lock-in amplifier is used.  
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Figure 6.2 Schematic representation of PFM technique: AC voltage is applied between tip 
(green) and bottom electrode (gray). The piezoresponse can be in-phase (ϕ = 0°) or out-of-
phase (ϕ = 180°) relative to the applied voltage, depending on the polarization direction. 
The amplitude (A) of the piezoresponse is independent on the polarization direction. 

 

When exciting the piezoelectric vibration of the sample, two major approaches are 

distinguished.[12-13] In the local excitation mode, the AC voltage is directly applied 

between the conductive tip and bottom electrode. Another approach includes the 

deposition of a top electrode onto the sample and applying the voltage through 

the tip which is in contact with the larger top electrode: global excitation mode. In 

the latter approach, the electric fields generated are more homogeneous 

(facilitating quantitative interpretation of PFM measurements), although the 

lateral resolution will be reduced.  

The most obvious application of PFM is to image ferroelectric domain structures 

based on variations of amplitude and phase of the piezoresponse. However, since 

the polarization in ferroelectrics can be switched by application of an electric field, 

PFM can also be employed to manipulate ferroelectric domains. When applying a 

direct current (DC) voltage higher than the coercive voltage, the polarization in 

that specific region will be switched. This operation is called writing and is used to 
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pattern domain structures. Subsequently, the reading process involves mapping of 

the manipulated area using an AC voltage. In addition, PFM can be used as a 

spectroscopic tool when switching measurements are performed at a fixed tip 

position under a sweeping DC voltage. This approach produces local hysteresis 

loops for both PR phase and amplitude, revealing the switching behavior in 

ferroelectric materials.[9,12-13]  

PFM has been performed on poly(vinylidene fluoride) (PVDF) and its copolymers to 

study their piezo- and ferroelectric character. The β-crystalline phase of PVDF is 

ferroelectric, originating from the uniformly oriented monomer dipole in the all-

trans chain conformation (Figure 1.2).[17] Copolymerization of VDF with 

trifluoroethylene (TrFE) induces the formation of the β-polymorph, i.e. 

incorporation of TrFE units aligns the direction of the dipoles along the polymeric 

chains.[18] Consequently, many reports have discussed the ferroelectric behavior of 

P(VDF-r-TrFE) random copolymers using PFM, including the mapping of domains, 

polarization domain switching and local hysteresis experiments.[19-24]  

Only a few investigations concentrated on the domain imaging of PVDF 

homopolymer films.[25-28] However, whether the domain contrast measured on 

PVDF bulk films is due to the intrinsic piezoelectric properties and is not originating 

from cross-talk with topography, as stated by Nunes et al.,[25] is questionable given 

the reported images. Typical techniques applied to induce the β-phase formation 

in PVDF prior to PFM measurements are electrospinning, lithographic patterning, 

mechanical stretching and electrical poling.  

Analogue to ferroelectric materials, ferromagnets show a spontaneous 

(permanent) magnetization (M) even in the absence of an external magnetic field 

(H).[3,11] As-prepared ferromagnetic samples usually lack bulk magnetization due to 

random orientation of magnetic domains. However, domain orientation takes 

place upon application of an external field, and a residual (remanent) 

magnetization (Mr) remains after reducing the applied field to zero. Similar to 

ferroelectrics, ferromagnets behave hysteretically, hence reversal of the magnetic 

field induces opposite magnetization which allows application in data storage.[3]  

In this chapter, we investigate the ferromagnetic properties of PVDF/PMAA/Ni 

nanocomposites using a super conducting quantum interference device (SQUID) 

and the ferroelectric behavior of the block copolymer precursors with PFM. First, a 

structural characterization is performed on the fabricated films.  
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6.2 Experimental 

6.2.1 Materials 

PtBMA-b-PVDF-b-PtBMA triblock copolymers were prepared through atom 

transfer radical polymerization of tBMA from a chlorine-terminated PVDF 

macroinitiator. PtBMA-b-PVDF-b-PtBMA block copolymer films were cast from 

DMF, PMAA-b-PVDF-b-PMAA block copolymer templates were obtained through 

acidic hydrolysis of PtBMA-b-PVDF-b-PtBMA and PVDF/PMAA/Ni nanocomposites 

were fabricated via electroless nickel plating of PMAA-b-PVDF-b-PMAA. All 

procedures are described in Chapter 5. 

6.2.2 Characterization 

Scanning electron microscopy (SEM) was carried out on a Philips XL-30 

environmental scanning electron microscope at 5 kV. The fabricated films were 

fixed on conductive carbon tape, attached to the SEM sample holder. Pieces were 

placed horizontally and vertically, in order to enable top view and cross section 

images, respectively. Prior to imaging, the specimens were coated with 10 nm 

Pt/Pd (80:20).  

 

 
Figure 6.3 Schematic representation of PFM set-up. (a) Local excitation mode: voltage 
directly applied between the Co/Cr tip (green) and Ag bottom electrode (gray). (b) Global 
excitation mode: additional Au top electrode (blue) is sandwiched between tip and 
polymer film. The electric field (red arrows) generated in global excitation mode is more 
homogeneous. 
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Bright-field transmission electron microscopy (TEM) was carried out on a Philips 

CM12 transmission electron microscope operating at an accelerating voltage of 

120 kV. TEM samples were prepared as follows: ultrathin sections (ca. 80 nm) of 

the sample embedded in epoxy resin (Epofix, Electron Microscopy Sciences) were 

microtomed using a Leica Ultracut UCT-ultramicrotome equipped with a 35° 

Diatome diamond knife at room temperature, and subsequently placed on copper 

grids.  

Wide-angle X-ray scattering (WAXS) was performed at the Dutch-Belgium 

Beamline (DUBBLE) station BM26B of the European Synchrotron Radiation Facility 

(ESRF) in Grenoble, France.[29-30] The X-ray wavelength was 1.03 Å. The scattering 

vector q is defined as q = 4π/λsinθ with 2θ being the scattering angle. The patterns 

were collected at room temperature. 

Piezoresponse force microscopy (PFM) was carried out under ambient conditions 

on a Dimension V (Veeco/Bruker) atomic force microscope, equipped with a 

conductive Co/Cr-coated silicon tip (spring constant 5 Nm-1). Samples were 

attached to a metallic sample holder using silver paste. Local hysteresis loops were 

measured as a function of a DC bias (-10 to 10 V) superimposed on an AC 

modulation voltage (8 V, 25 kHz), either on an Au top electrode (70 nm thick layer 

patterned using a Balzers deposition system) or directly on the polymer sample 

using the conductive tip as top electrode (Figure 6.3). Three positions were 

selected per sample and the curves obtained were averaged. 

Magnetic characterization was performed using a Quantum Design super 

conducting quantum interference device (SQUID) magnetic property measurement 

system (MPMS) at 25 K and 300 K with a magnetic field up to 2000 Oe. 

 

Table 6.1 Characteristics of polymer films and polymer/nickel nanocomposite. 

Sample Fabrication 

procedure 

Δt
a
 

(µm) 

Uc
b

 

(V) 

Mr
c
 

(emu·g
-1

) 

Hc
c
 

(Oe) 

PtBMA-b-PVDF-b-PtBMA Solvent-casting 42 3.5   

PMAA-b-PVDF-b-PMAA Acidic hydrolysis 38 3.2   

PVDF/PMAA/Ni Nickel plating 43  4.5 56 
a Determined from cross-sectional SEM. b Derived from PFM hysteresis loops measured 

on Au top electrode. c Derived from M-H loops measured at 300 K. 
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6.3 Results and discussion 

6.3.1 Film structure 

The fabrication procedure towards PtBMA-b-PVDF-b-PtBMA block copolymer 

films, their corresponding hydrolyzed templates and PVDF/PMAA/Ni 

nanocomposites is described in Chapter 5 and summarized in Table 6.1. In addition 

to the morphological analysis presented in the previous chapter, the film structure 

is systematically characterized below.   

  

   

  

  
Figure 6.4 SEM images: (a) top view and (b) cross section of PtBMA-b-PVDF-b-PtBMA film, 
(c) top view and (d) cross section of PMAA-b-PVDF-b-PMAA template, and (e) top view and 
(f) cross section of PVDF/PMAA/Ni nanocomposite. 
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Figure 6.5 Bright-field TEM images of (a) PtBMA-b-PVDF-b-PtBMA film, (b) PMAA-b-PVDF-
b-PMAA template and (c) PVDF/PMAA/Ni nanocomposite. 

 
Figure 6.6 WAXS patterns of (a) PtBMA-b-PVDF-b-PtBMA film, (b) PMAA-b-PVDF-b-PMAA 
template and (c) PVDF/PMAA/Ni nanocomposite, recorded at room temperature. 

 

The microstructure of the fabricated films is analyzed using SEM (Figure 6.4). The 

spherulitic superstructure is observed in all samples, indicating that the 

semicrystalline block copolymer morphology (Figure 5.5) is preserved throughout 

the fabrication process. The sample thickness (Δt) is estimated from the cross-

sectional images and displayed in Table 6.1. 

Figure 6.5 displays the TEM micrographs of the samples. The lamellar 

nanostructure of the block copolymer film (Figure 6.5a) collapses after the acidic 

hydrolysis treatment, as discussed in Chapter 5. Nevertheless, a layered structure 

can still be detected in TEM (Figure 6.5b). The final PVDF/PMAA/Nickel nanohybrid 

again reveals the original lamellar morphology (Figure 6.5c). WAXS patterns 



 

 

Chapter 6 

 

160 

depicted in Figure 6.6 indicate the presence of the favored β-phase of PVDF in all 

samples. The presence of this ferroelectric polymorph, which is formed due to the 

confinement caused by the block copolymer self-assembly (Chapter 5), excludes 

the need for post-annealing treatments like stretching or poling.[25,28] 

6.3.2 Film properties 

6.3.2.1 Ferroelectric behavior 

The electromechanical activity of the fabricated films has been studied with PFM. 

Local switching measurements were performed on both the PtBMA-b-PVDF-b-

PtBMA film and PMAA-b-PVDF-b-PMAA template. Per sample, three positions 

were selected and the local hysteresis loops obtained were averaged. PFM analysis 

of the PVDF/PMAA/Ni nanocomposite was inaccessible, since the material is 

covered with a conductive layer of nickel resulting from the electroless Ni plating 

procedure.  

The PR amplitude and phase hysteresis loops for PtBMA-b-PVDF-b-PtBMA (Figure 

6.7a,b) indicate ferroelectric behavior in the PVDF-based block copolymer film. The 

difference in polarization phase is close to 180° as depicted in Figure 6.7b. This 

local polarization reversal is also observed in the PMAA-b-PVDF-b-PMAA template 

(Figure 6.7c,d). Both samples were measured by placing the PFM tip on top of an 

Au electrode patterned on the polymer surface (global excitation mode), to ensure 

a homogeneous electric field under the tip. The slightly asymmetric shape (i.e. 

voltage offset of 0.5 V) in the hysteresis loops may arise from the non-uniform 

properties of the top and bottom electrodes or the existence of a pinned layer 

near the film-electrode interface.[21] The higher signal-to-noise ratio observed for 

the hydrolyzed template with respect to its precursor indicates a stronger 

piezoresponse, which can be related to the increase in crystallinity after the 

hydrolysis of amorphous tBMA domains. 

Analysis of the hysteresis loops allows the extraction of local switching 

parameters. For instance, the coercive voltage (Uc) is similar for both films, in the 

range of 3.0-3.5 V (Figure 6.7). Taking into account the thickness of the block 

copolymer films (Table 6.1), the calculated coercive field (Ec) is ca. 80 kV/m, which 

is three orders of magnitude lower compared to the reported values for PVDF 

homopolymer films.[31-33]  
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Figure 6.7 Local PFM hysteresis loops: (a) PR amplitude and (b) PR phase curves for PtBMA-
b-PVDF-b-PtBMA film, and (c) PR amplitude and (d) PR phase curves for PMAA-b-PVDF-b-
PMAA template, measured in global excitation mode on Au top electrode. Three positions 
were selected per sample and the loops obtained were averaged. 

 

Additionally, the relation of coercive voltage with film thickness has been 

investigated. Figure 6.8 depicts the cross-sectional SEM images of three PtBMA-b-

PVDF-b-PtBMA films having a thickness of ca. 42, 15 and 9 µm, respectively. The 

inset reveals the corresponding PR phase curves. The coercive voltage clearly 

decreases with sample thickness, leading to a constant value for the coercive field 

(Ec = 83-93 kV/m). 

The local switching in the PMAA-b-PVDF-b-PMAA template has also been 

investigated directly on the polymer surface, thus using the PFM tip as top 

electrode (local excitation mode). The PR amplitude and phase curves are depicted 

in Figure 6.9. The amplitude hysteresis loop depicted in Figure 6.9a increases 

almost linearly with the applied DC voltage and saturation is not observed, 

indicating that the response is dominated by electrostatic interactions between 

the cantilever and the bottom electrode.[22,34] This effect can be strongly reduced 

by the introduction of a large top electrode between the tip-cantilever and sample 

surface,[34] as shown in Figure 6.7c.  
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Figure 6.8 Cross-sectional SEM images of PtBMA-b-PVDF-b-PtBMA films with thickness of 
(a) 42 µm, (b) 15 µm and (c) 9 µm. The inset shows the corresponding PR phase hysteresis 
loops with a coercive voltage (and coercive field) of (a) 3.5 V (83 kV/m), (b) 1.4 V (93 kV/m) 
and (c) 0.8 V (89 kV/m). 
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Depending on the location of the switching measurement, the PR amplitude 

curves presented either hysteresis behavior (Figure 6.9a) or a linear response 

(Figure 6.9c). Besides electrostatic contributions, the PFM signal can be strongly 

influenced by the semicrystalline morphology (i.e. the presence of crystalline and 

amorphous domains),[20] as indicated by the local variation of the switching 

measurements. Both PR phase curves demonstrated polarization reversal (Figure 

6.9b,d).  

Contrary to the measurement performed in global excitation mode, the loops in 

Figure 6.9a,b demonstrate a symmetric shape in the absence of an Au top 

electrode. Furthermore, the coercive voltage has been reduced to ca. 1 V. Due to 

the inhomogeneous field that is caused by the tip electrode, the coercive voltage 

obtained is less reliable in comparison to the values detected with the global 

excitation approach. 

 

 
Figure 6.9 Local PFM switching measurements: (a,c) PR amplitude and (b,d) PR phase 
curves for PMAA-b-PVDF-b-PMAA template measured in local excitation mode using PFM 
tip as top electrode. Three positions were selected per sample and the curves obtained 
were averaged. 

 



 

 

Chapter 6 

 

164 

Structural analysis already indicated that the hydrophobic PVDF phase is not 

affected by the water-based nickel plating procedure. More specific, the 

ferroelectric β-polymorph is preserved during the process (Figure 6.6b,c). 

Therefore the PVDF phase in the PVDF/PMAA/Ni composite is expected to 

demonstrate similar properties as reported above. However, PFM measurements 

on these nanocomposites were not possible because of the conductive nickel 

phase covering the sample. 

6.3.2.2 Ferromagnetic behavior 

The magnetic characteristics of the PVDF/PMAA/Ni nanocomposites have been 

investigated. Figure 6.10 displays the temperature dependence of the 

magnetization in the composites in a magnetic field of 100 Oe. The Curie 

temperature of nickel is reported to be 627 K[35] which is not inconsistent with this 

data.  

The magnetization-field hysteresis loops at 25K and 300K are presented in Figure 

6.11a. The coercive field (Hc) at room temperature equals 56 Oe, while a remanent 

magnetization (Mr) of 4.5 emu·g-1 is observed (Table 6.1). Both coercivity and 

remanence increase to 178 Oe and 8.4 emu·g-1 respectively when the temperature 

is decreased to 25 K. The M-H curve in Figure 6.11b shows the magnetization 

saturation within the sample at higher fields. The obtained hysteresis loops clearly 

demonstrate the ferromagnetic behavior of the PVDF/PMAA/Ni nanocomposite. 

 
Figure 6.10 Magnetization versus temperature plot for PVDF/PMAA/Ni nanocomposite 
measured in a magnetic field of 100 Oe. 
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Figure 6.11 (a) Magnetization versus applied magnetic field plot for PVDF/PMAA/Ni 
nanocomposite measured at 300 K (dotted) and 25 K (solid) in a maximum magnetic field 
of 1000 Oe. (b) Magnetization versus applied magnetic field plot for PVDF/PMAA/Ni 
nanocomposite measured at 25 K in a maximum magnetic field of 2000 Oe, showing the 
magnetization saturation.  
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6.4 Conclusion 

The structure and properties of PVDF-based block copolymer films and 

nanocomposites have been studied. Structural analysis of the films indicated that 

the semicrystalline morphology is preserved during the complete fabrication 

process. Furthermore, the formation of the polar β-phase during solvent-casting 

excluded the need for post-annealing treatments. 

The ferroelectric properties of the block copolymer precursor films were 

investigated by local switching measurements on a piezoresponse force 

microscope. Local hysteresis loops obtained for PtBMA-b-PVDF-b-PtBMA 

confirmed the polarization switching in the block copolymer sample. Similar 

behavior was observed after the hydrolysis of PtBMA, in the PMAA-b-PVDF-b-

PMAA template. The contribution of electrostatic tip-electrode interactions and 

the local variation of switching measurements were both reduced when measuring 

in global excitation mode on an Au top electrode. The coercive field was observed 

to remain constant for block copolymer film thicknesses between 9-24 µm and 

significantly smaller than values reported in the literature for PVDF homopolymer 

films. Ferromagnetic behavior of the PVDF/PMAA/Ni nanocomposite was 

demonstrated both at 25 K and room temperature. Both coercivity and remanence 

increased with decreasing temperature as expected. 
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Poly(vinylidene fluoride) has reached the second largest production volume of 

fluoropolymers in recent years, and its popularity can be ascribed to high thermal 

stability and chemical inertness combined with its ferroelectric behavior, that 

arises from the strong dipole in the β-crystalline phase. Hence, this polymer can be 

implemented in high tech applications related to electronics and energy 

harvesting. 

Copolymerization of vinylidene fluoride with other monomers leads to a wide 

variety of products, ranging from thermoplastics and elastomers to thermoplastic 

elastomers with modified thermal, chemical, mechanical or electrical properties. In 

addition to the fluorinated random copolymers manufactured by industry, well-

architectured block-, graft- and alternating copolymers based on PVDF received 

considerable attention in recent years. In particular, PVDF-containing block 

copolymers can function as ordered precursors for functional nanostructured 

materials with ferroelectric and multiferroic (magnetoelectric) properties 

applicable in sensors and data storage devices. 

This thesis describes the synthesis of various well-defined block copolymers 

containing PVDF segments and addresses their crystallization and phase behavior 

in detail. Additionally, the use of those block copolymers as precursors for 

nanoporous PVDF and PVDF-based nanocomposites is presented, and their 

ferroelectric and ferromagnetic behavior is discussed. 

Chapter 1 comprehends a compact review of the literature based on the synthesis, 

self-assembly and potential applications of block copolymers containing PVDF 

segments. 
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Chapter 2 focuses on poly(L-lactide)-block-poly(vinylidene fluoride)-block-poly(L-

lactide), or shortly PLLA-b-PVDF-b-PLLA, triblock copolymers. First, their synthesis 

route was explored, involving Cu(I)-catalyzed azide-alkyne cycloaddition of tailor-

made PVDF and PLLA telechelics. Subsequently, the sequential crystallization of 

both blocks has been studied. The double-crystalline PLLA-b-PVDF-b-PLLA 

copolymers form a homogeneous melt phase, however upon cooling phase 

separation driven by crystallization results in an ordered lamellar nanostructure. 

Although the ferroelectric β-polymorph was initially observed in the solvent-cast 

block copolymer films, the α-phase was obtained after crystallization from the 

melt. The crystallization behavior of the lower temperature crystallizing PLLA 

segments was strongly influenced by the composition of the block copolymer. 

Furthermore, the PLLA blocks were found to crystallize in a confined fashion, 

within the interlamellar regions of the preformed PVDF spherulites. 

 

 
Impression of the fabrication route towards lamellar PVDF/Ni nanocomposites: (1) 

Solvent-casting yields self-assembled crystalline-amorphous lamellar nanostructure, (2) 

Selective etching procedure removes amorphous PS domains leading to nanoporous PVDF 

template, and (3) electroless nickel plating results in PVDF/Ni nanohybrid.  
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A similar “click” strategy was performed to create double-crystalline triblock 

copolymers consisting of inner poly(vinylidene fluoride) and outer poly(3-

hexylthiophene) segments. Those P3HT-b-PVDF-b-P3HT copolymers are the focus 

of Chapter 3. Contrary to PLLA-b-PVDF-b-PLLA, a microphase separated melt was 

obtained and confined crystallization of P3HT and PVDF blocks occurred within 

phase segregated domains. Rich phase behavior gave rise to hierarchical order at 

multiple length scales, involving π-π stacking between polythiophene backbones, 

lamellar packing of hexyl side chains, semicrystalline lamellar organization of P3HT 

and block copolymer microphase separation of PVDF and P3HT. 

Block copolymers that contain a degradable component provide a straightforward 

route towards porous nanostructured materials with desired functionality and 

controllable pore sizes. Chapter 4 describes the fabrication of nanoporous PVDF 

and PVDF/nickel nanocomposites from polystyrene-block-poly(vinylidene 

fluoride)-block-polystyrene precursors. The developed synthesis route towards 

semicrystalline PS-b-PVDF-b-PS includes atom transfer radical polymerization of 

styrene from tailor-made chlorine-functionalized PVDF macroinitiators. The 

alternating crystalline-amorphous lamellar nanostructure inside a spherulitic 

superstructure, observed for a range of block copolymer compositions, confirmed 

the dominant role of crystallization during structure formation. By applying a facile 

chemical etching method the amorphous PS domains were selectively removed, 

leading to a nanoporous PVDF matrix. Subsequently, PVDF/Ni nanocomposites 

were fabricated via electroless Ni plating. The lamellar morphology and the PVDF 

β-polymorph, both originating from the block copolymer self-assembly, are 

preserved within the porous template and nanocomposite material.  

To extent the library of well-ordered PVDF-based nanohybrids, an additional block 

copolymer system was developed composed of inner poly(vinylidene fluoride) and 

outer poly(tert-butyl methacrylate) segments: PtBMA-b-PVDF-b-PtBMA. Hence, 

Chapter 5 starts with discussing the synthesis route, which is based on the same 

strategy as adopted for PS-b-PVDF-b-PS, and the crystallization controlled self-

assembly. Acidic hydrolysis of tert-butyl moieties and subsequent backfilling of the 

remaining polymer template through nickel plating or sol-gel synthesis generated 

PVDF/PMAA/Ni and PVDF/PMAA/SiO2 nanohybrids, respectively. Both PVDF β-

polymorph and lamellar morphology were conserved in all composite materials. 
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In order to explore the properties of the fabricated PVDF-based nanocomposites, 

the ferroelectric behavior of the block copolymer precursors has been examined in 

Chapter 6. Local hysteresis measurements for PtBMA-b-PVDF-b-PtBMA and PMAA-

b-PVDF-b-PMAA confirmed polarization switching in the block copolymer films. 

Moreover, room temperature ferromagnetism was observed in the 

PVDF/PMAA/Ni nanocomposites.  

To conclude, PVDF-based block copolymers can be employed as precursors for 

nanostructured ferroelectrics and multiferroics. Since those materials can find 

extensive application in information storage industry, we expect more 

investigations and discoveries in this field to emerge. In particular, further 

development of fully organic multiferroic block copolymers with ferroelectric and 

ferromagnetic segments will lead to a new class of fascinating materials. 
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Polyvinylideenfluoride is na polytetrafluorethyleen, bekend onder de merknaam 

Telfon, het meest geproduceerde fluorpolymeer. De populariteit van 

polyvinylideenfluoride, of kortweg PVDF, kan worden toegeschreven aan de hoge 

thermische stabiliteit en chemische inertie van dit polymeer in combinatie met het 

ferro-elektrische gedrag. De ferro-elektriciteit vindt zijn oorsprong in de sterke 

moleculaire dipool van de β-kristallijne fase. Daardoor kan dit polymeer worden 

geïmplementeerd in hightech toepassingen gerelateerd aan elektronica en 

energieopwekking. Copolymerisatie van vinylideenfluoride met andere 

monomeren leidt tot een breed scala aan producten, van thermoplasten en 

elastomeren tot thermoplastische elastomeren, met als gevolg regelbare 

thermische, chemische, mechanische of elektrische eigenschappen. Naast de 

industrieel vervaardigde gefluoreerde statistische copolymeren is de interesse in 

blok-, ent- en alternerende copolymeren op basis van PVDF de laatste jaren 

aanzienlijk toegenomen. De zelforganisatie van PVDF-bevattende 

blokcopolymeren tot goed geordende morfologiën kan leiden tot functionele 

nanomaterialen met ferro-elektrische en multiferroïsche (magnetoelektrische) 

eigenschappen, toepasbaar in sensoren en dataopslagapplicaties. 

Dit proefschrift beschrijft de synthese van verschillende goed gedefinieerde 

blokcopolymeren met PVDF segmenten en richt zich in detail op hun kristallisatie 

en fasegedrag. Daarnaast wordt het gebruik van deze blokcopolymeren als 

uitgangsstof voor nanoporeus PVDF en PVDF-houdende nanocomposieten 

gepresenteerd en hun ferro-elektrische en ferromagnetische eigenschappen 

besproken.  
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Impressie van sequentiële kristallisatie in PLLA-b-PVDF-b-PLLA triblokcopolymeren: het 

kristallisatiegedrag van de PLLA segmenten, die kristalliseren bij een lagere temperatuur 

dan PVDF, wordt sterk beïnvloed door de samenstelling van het blokcopolymeer. 

 

Hoofdstuk 1 geeft een compact overzicht weer van de literatuur aangaande de 

synthese, zelforganisatie en mogelijke toepassingen van blokcopolymeren met 

PVDF segmenten. 

Hoofdstuk 2 richt zich op poly(L-lactide)-blok-polyvinylideenfluoride-blok-poly(L-

lactide), of kortweg PLLA-b-PVDF-b-PLLA, triblokcopolymeren. Ten eerste werd de 

syntheseroute naar deze blokcopolymeren verkend, waarbij de Cu(I)-

gekatalyseerde azide-alkyn “klik” reactie van gefunctionaliseerde PVDF en PLLA 

homopolymeren werd toegepast. Vervolgens werd de sequentiële kristallisatie van 

beide blokken bestudeerd. Bij verhoogde temperatuur vormen de dubbel-

kristallijne PLLA-b-PVDF-b-PLLA copolymeren een homogene smelt. Tijdens 

afkoeling vindt er echter fasescheiding plaats veroorzaakt door kristallisatie, wat 

resulteert in een geordende lamellaire nanostructuur. Hoewel de ferro-elektrische 
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β-polymorf aanvankelijk werd gevormd tijdens het oplosmiddelgieten, werd de α-

polymorf uiteindelijk verkregen na kristallisatie van het blokcopolymeer vanuit de 

smelt. Het kristallisatiegedrag van de PLLA segmenten, die kristalliseren bij een 

lagere temperatuur dan PVDF, werd sterk beïnvloed door de samenstelling van het 

blokcopolymeer. Bovendien was de kristallisatie van de PLLA blokken begrensd 

binnen de interlamellaire gebieden van de reeds gevormde PVDF sferulieten. 

Een soortgelijke “klik” strategie werd uitgevoerd om dubbel-kristallijne 

triblokcopolymeren te maken bestaande uit inwendige polyvinylideenfluoride en 

uitwendige poly(3-hexylthiofeen) segmenten. Deze P3HT-b-PVDF-b-P3HT 

copolymeren staan centraal in Hoofdstuk 3. In tegenstelling tot PLLA-b-PVDF-b-

PLLA werd er een microfase gescheiden smelt verkregen en kristallisatie van P3HT 

en PVDF blokken vond plaats binnen de fase gescheiden domeinen. Het rijke 

fasegedrag gaf aanleiding tot hiërarchische ordening op verschillende 

lengteschalen: π-π stapeling van de polythiofeen hoofdketens, lamellaire pakking 

van hexyl zijketens, semikristallijne lamellaire organisatie van P3HT en 

blokcopolymeer microfasescheiding van PVDF en P3HT. 

Blokcopolymeren met een afbreekbare component verschaffen een rechtstreekse 

route naar poreuze nanogestructureerde materialen met gewenste functionaliteit 

en regelbare poriegrootte. Hoofdstuk 4 beschrijft de fabricage van nanoporeus 

PVDF en PVDF/nikkel nanocomposieten vanuit polystyreen-blok-

polyvinylideenfluoride-blok-polystyreen. De ontwikkelde synthesemethode naar 

semikristallijn PS-b-PVDF-b-PS is gebaseerd op de gecontroleerde 

radicaalpolymerisatie van styreen vanaf eindgefunctionaliseerde Cl-PVDF-Cl 

macroinitiatoren. De alternerende kristallijn-amorfe lamellaire nanostructuur 

binnen de sferulitische superstructuur werd waargenomen voor verschillende 

blokcopolymeer samenstellingen, en bevestigde daarbij de dominante rol die de 

kristallisatie speelt gedurende de structuurvorming. De amorfe polystyreen 

domeinen werden selectief verwijderd door middel van chemische etsing, wat 

leidde tot een nanoporeuze PVDF matrix. Vervolgens werden PVDF/Ni 

nanocomposieten verkregen met behulp van stroomloos vernikkelen. De 

lamellaire morfologie en de PVDF β-fase, die beide hun oorsprong vonden in de 

zelforganisatie van het blokcopolymeer, bleven behouden tijdens het ets proces 

en de vernikkeling. 
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Om de reeks van goed geordende PVDF-houdende nanocomposieten uit te 

breiden werd er een aanvullend blokcopolymeer systeem ontwikkeld bestaande 

uit inwendige polyvinylideenfluoride en uitwendige poly(tert-butylmethacrylaat) 

segmenten: PtBMA-b-PVDF-b-PtBMA. Hoofdstuk 5 begint met het bespreken van 

de syntheseroute die gebaseerd is op dezelfde strategie die is toepast om PS-b-

PVDF-b-PS te maken, en vervolgt met een studie naar de kristallisatie-gestuurde 

zelforganisatie van deze blokcopolymeren. De zuur-gekatalyseerde hydrolyse van 

tert-butyl groepen en de daaropvolgende opvulling van het resterende polymeer 

sjabloon door vernikkeling of sol-gel synthese resulteerde in respectievelijk 

PVDF/PMAA/Ni en PVDF/PMAA/SiO2 nanocomposieten. Zowel de PVDF β-

kristallijne fase als de lamellaire morfologie bleven behouden in alle composieten. 

Om de eigenschappen van de vervaardigde PVDF-houdende nanocomposieten te 

verkennen werden de ferro-elektrische eigenschappen van de blokcopolymeren 

onderzocht. Lokale hysterese metingen voor zowel PtBMA-b-PVDF-b-PtBMA als 

PMAA-b-PVDF-b-PMAA bevestigde de polarisatie schakeling in de 

blokcopolymeren. Bovendien werd bij kamertemperatuur ferromagnetisme 

waargenomen in de PVDF/PMAA/Ni nanocomposieten. 

Tot slot, PVDF-bevattende blokcopolymeren kunnen worden gebruikt als 

uitgangsstof voor het vervaardigen van nanogestructureerde ferro-elektrische en 

multiferroïsche materialen. Aangezien deze materialen uitgebreide toepassing 

kunnen vinden in de dataopslagindustrie, verwachten we dat in de nabije 

toekomst meer onderzoek en ontdekkingen op dit gebied zullen worden gedaan. 

De verdere ontwikkeling van volledig organische multiferroïsche blokcopolymeren 

in het bijzonder, met zowel ferro-elektrische als ferromagnetische segmenten, zal 

leiden tot een nieuwe klasse van fascinerende materialen.  
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Katja, the positive and energetic way you approach research is inspiring. I am 
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Gerrit, met jouw enthousiasme als het gaat over het fasegedrag van 

blokcopolymeren heb je ook mij aangestoken. Dat begon eigenlijk al tijdens de 

colleges thermodynamica die je gaf gedurende mijn opleiding. Dit was een van de 

redenen dat ik bij Gerrit Jr. (Gobius) terecht kwam voor mijn bacheloronderzoek. 

Met je kritische kanttekeningen die je plaatste bij mijn eerste resultaten van het 

promotieproject heb je me ertoe gedreven om het kristallisatiegedrag van de 

semikristallijne blokcopolymeren tot in de details uit te zoeken. Het resultaat is 

terug te vinden in het vierde hoofdstuk van dit proefschrift. Inmiddels ben je met 

pensioen, en daarbij hoop ik dat je lang mag blijven genieten van alle vrije tijd die 

je ongetwijfeld wel weer weet in te vullen met allerlei activiteiten, variërend van 

dakpanschrobben tot een triathlon afleggen. 

Toen de synthese van de polymeren en de fabricage van de nanocomposieten een 

feit was, konden we gaan kijken naar de bijzonder eigenschappen van deze 

materialen. Dit was mogelijk dankzij de uitstekende samenwerking met prof. 

Beatriz Noheda en haar onderzoeksgroep. Beatriz, your enthusiasm regarding this 

project in combination with your expertise on ferroelectricity and ferromagnetism 

were very valuable. It has been (and still is) a great challenge to understand the 

behavior of our polymer materials, and the numerous project meetings with you 

and your group members (Jeroen, Justin and Sylvia) helped to solve many issues. 

The result of our nice collaboration can be found in the sixth chapter of this thesis. 

Finally, I’m also really glad with you being part of the assessment committee. I 

would also like to thank the other members of the reading committee, prof. Bruno 

Ameduri and prof. Alexander Böker, for the evaluation of my manuscript and all 

helpful remarks.  

Aan het begin van mijn promotieonderzoek stonden er ook regelmatig 

werkbesprekingen op de agenda samen met de groepen van prof. Arend-Jan 

Schouten en prof. Ton Loontjes. Alle suggesties op het vlak van polymeersynthese 

kwamen erg van pas bij het opstarten van ons project, waarvoor dank. 

In tegenstelling tot de eenzaamheid waarin de synthese van een 

polymeermolecuul plaatsvindt (want hoe mooi ze ook is, mijn reactor praatte 

helaas nooit terug), gaat de polymeeranalyse gepaard met een heleboel 

contacten, en vooral een hele hoop hulp! Om een beeld te geven: zonder de 

assistentie van Joop Voorenkamp en Albert Woortman geen GPC curves, without 

the effort of Evgeny Polushkin no SAXS patterns and SEM images, zonder de 
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training van Marc Stuart geen TEM plaatjes. En niet te vergeten, zonder de hulp 

van Gert Alberda van Ekenstein geen DSC/TGA curves en POM plaatjes. Gert, ik wil 

je ook bedanken voor alle vruchtbare discussies die mij hebben geholpen om (met 

name) het kristallisatiegedrag van PVDF beter te begrijpen. Here, I would also like 

to mention the fruitful collaboration with Stefania Tanase from Van ’t Hoff 

Institute in Amsterdam, who analyzed the porosity of our PVDF templates. Big 

thanks as well to Sergey Punzhin for EDX analysis of the nanocomposites. Prof. 

Ryan Chiechi is acknowledged for his permission to use the microtome equipment 

and dr. Marleen Kamperman for the interesting discussions at the Dutch Polymer 

Days and via email (ik ben heel benieuwd naar de uitkomst van de geplande 

metingen). 

In je zoektocht naar antwoorden moet je soms ook wel eens de grens over. Om 

meer te leren over de exacte structuur van onze blokcopolymeren kwamen we 

allereerst terecht in het koude Helsinki voor SAXS metingen op de lange buis. 

Thanks to Panu Hiekkataipale, we (Ivana and me) had an unforgettable trip to 

Aalto University (Helsinki, Finland). Panu, I’m not sure whether you are a better 

SAXS expert or tour guide, it is too difficult to choose, paljon kiitoksia Panu! I’m 

glad prof. Janne Ruokolainen gave his permission for our visit. Vervolgens waren er 

natuurlijk de bezoekjes aan het synchrotron in Grenoble, Grenoble, Grenoble en… 

Grenoble (ik geloof dat ik de tel kwijt ben). Every ESRF visit we brought new block 

copolymers to measure (sometimes during the day, but often in the night), and 

luckily we could always count on the DUBBLE beamline crew led by Wim Bras. 

Special thanks to Daniel Hermida Merino and Giuseppe Portale for their patience 

(“what does this button do…?”) and support (“could you please change the set-up 

one more time…?”). Daniel, together we published already two papers that include 

your measurements, muchísimas gracias. 

Al even kort genoemd hierboven, veel dank ben ik verschuldigd aan mijn helden 

uit de kelder: Sylvia, Justin en Jeroen. Hidden in de deepest dungeons of our 

building, you were always standing by to help me with either electrical or magnetic 

measurements. Sylvia, it was a great pleasure to work with you and practice my 

French (un petit peu): merci et à bientôt. Justin, your idea to measure the bulk 

films turned out to be great, thanks for teaching me PFM! Jeroen, ik bewonder 

jouw precisie en ben dankbaar voor al jouw scherpe vragen waarmee je mij weer 
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aan het denken zette (roterende ketens en meer van dat soort ongein). Jacob 

Baas, dank voor je hulp als ik weer eens het verkeerde knopje had ingedrukt.   

Nu mijn tijd er bijna op zit ben ik trots dat er inmiddels een compleet 

onderzoeksteam met gefluoreerde blokcopolymeren bezig is: PVDF for the win! Zo 

kan ik “het runnen van de toko” met een gerust hart over laten aan Jin, Niels en 

Ivan. Jin, you are truly a dedicated researcher, but most of all an amazing person. 

I’m grateful for all the effort that you put into the thin film project, and I’m 

confident you will succeed in your current approach. Big thanks for the beautiful 

SEM images from Chapter 6. 我为你感到骄傲! Niels, de bevindingen tijdens jouw 

masteronderzoek (“klik, klik”) zijn uiteindelijk erg waardevol gebleken voor het 

maken van de polymeren uit hoofdstuk 2 en 3, waarvoor dank. Ik ben blij dat er 

nog iemand op het lab rondloopt die verstand heeft van voetbal (en wielrennen). 

Ik wens je veel succes met je eigen promotieonderzoek. Ivan, I wish you all the 

best during your upcoming adventures (“good skill”). Martijn en Marije, jullie wil ik 

ook bedanken voor alle hulp en inzet tijdens jullie bacheloronderzoek. 

Weer terug van een conferentie of weekend Grenoble? Dan was het altijd goed 

“thuiskomen” op onze eigen afdeling (polymeerchemie). Dankzij de ontspannen 

sfeer en vooral dankzij een hoop bijzondere collega’s was het daar ontzettend fijn 

werken. Ivana, we spent a lot of time together, discussing science in the lab (about 

gyroids, plating, PVDF, anionic polymerization, etc.), travelling abroad (Helsinki, 

Sant Feliu, Grenoble, Bayeuth), practicing Dutch (jouw Nederlands is inmiddels zo 

goed dat Engels hier eigenlijk overbodig is) and having fun (some people took our 

FB joke quite serious). Draga Ivo, volim tvoj entuzijazam i pozitivnu energiju koju 

nosiš sa sobom, ponosan sam na naš timski rad u labu kao i na rad koji smo 

objavili. Martin, wat hebben wij een lol gehad als kantoorgenootjes. Ik ben je erg 

dankbaar voor alles wat je mij tijdens mijn masterproject en aan het begin van 

mijn promotieonderzoek hebt bijgebracht. Vroeger dan vroeg opstaan met een 16-

blok in het vooruitzicht, daar draaiden wij onze hand niet voor om. BuLi en Eye of 

the Tiger zijn vanaf dat moment onlosmakelijk aan elkaar verbonden. Anton, ik 

prijs me gelukkig dat jij het stokje van Martin hebt overgenomen. We hebben 

samen een hoop avonturen beleefd, met als klap op de vuurpijl onze reis naar 

Taiwan. Ook stond je altijd klaar voor het keuren van een cover of het checken van 

een abstract. Je hebt een groot hart voor onderzoek. Niet vergeten af en toe 

vakantie te nemen hè! Wouter, ooit waren we collega’s, maar al snel werden we 
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goede vrienden en vervolgens zelf tijdelijk huisgenootjes. Het is altijd goed om 
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hebt gevonden in editing. Jakob, we laughed a lot about Colbert Report, the 
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mistakes). My Balkan friends: Mili, Jelena and Dejan, hvala! No real party without 

the Serbian mafia. Kamlesh, the sound of your laugh is irresistible. I truly 

appreciated our nice collaboration concerning the silica composites from the fifth 

chapter. Marianna, thanks for the “real Italian coffee” that induced many good 

conversations. Ciao bella! Gerrit Gobius, mijn bacheloronderzoek bij jou was een 

mooie tijd. Bedankt dat je me kennis hebt laten maken met de wondere wereld 

van (co)polymeren. Also, thanks to Laura (with her Golden Rules involving Nutella), 

Erythrina (my beloved Maldi expert Eryth), Salomeh (I still can’t remember the full 

name of LPC), Quiyan (producing the most appealing SEM images ever), Yi (next 

generation plastic bottles thanks to him), Azis (glad someone is still doing ATRP), 

Yexing and Zheng (ESRF buddies), Danijela (beautiful voice), Rachma (also from 

Gobius’ education system), Giuseppe (loves the lab when it’s dark outside), Nanda 

(medeontwerper van VBTK), Vladimir (Man of Steel), Jeroen (alias keerpunt- en 
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