
 

Synthesis and Characterization of Electroactive Vinylidene Fluoride Based Block 

Copolymers via Iodine Transfer Polymerization 

 

Thesis by 

Abdulaziz Alsubhi 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Master of Science  

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

 

July 2020 

 



2 

EXAMINATION COMMITTEE PAGE 
 
 
 

Thesis of Abdulaziz Alsubhi is approved by the examination committee. 

 

 

 

 

Committee Chairman: Distinguished Professor Nikos Hadjichristidis 
Committee Members: Professor Suzana Nunes, Professor Ingo Pinnau 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 



3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© July 2020 

Abdulaziz Alsubhi 

All Rights Reserved 



4 

ABSTRACT 

Synthesis and Characterization of Electroactive Vinylidene Fluoride Based 

Block Copolymers via Iodine Transfer Polymerization 

Abdulaziz Alsubhi 

 

        Poly (vinylidene fluoride) (PVDF), thanks to its versatile properties, finds many 

applications ranging from water purification membranes (thermal and chemical stability) 

to electronic devices (piezoelectric, pyroelectric and ferroelectric properties). Block 

copolymers of PVDF with other polymers further expand its properties and, consequently, 

its applications.  

       Toward this line, my thesis investigates the synthesis, molecular characterization and 

properties of novel PVDF-based copolymers mainly with poly(tert-butyl acrylate) (PtBuA),  

poly(methyl methacrylate) (PMMA) and polystyrene (PSt). To prepare the block 

copolymers a living polymerization is needed, which is compatible with the VDF and the 

comonomer (tBuA, MMA, St).  For this purpose, we used iodine transfer polymerization 

(ITP) with the difunctional chain transfer agent (CTA) C4F8I2. Difunctional macroinitiator 

(I-PVDF-I) was first obtained by ITP of VDF monomer with C4F8I2, followed by addition of 

the comonomer tBuA, MMA or St to afford the triblock copolymers poly(tert-butyl 

acrylate)-block-poly(vinylidene fluoride)-block-poly(tert-butyl acrylate) (PtBuA-b-PVDF-b-

PtBuA), poly(methyl methacrylate)-block-poly(vinylidene fluoride)-block-poly(methyl 

methacrylate) (PMMA-b-PVDF-b-PMMA) and polystyrene-block-poly(vinylidene 

fluoride)-block-polystyrene (PSt-b-PVDF-b-PSt). The structure of all intermediates and 
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final products were characterized by Nuclear Magnetic Resonance (NMR) and Gel 

Permeation Chromatography (GPC). The microstructure and polymorphism of all triblock 

copolymers, characterized by XRD, shown that the PVDF in the first two copolymers 

exhibits the electroactive β-phase, while in the third copolymer there is the coexistence 

of α- and γ-phases. Linear PVDF homopolymers, using the free radical and IT 

polymerizations, were prepared for comparison purposes. All linear polymers possess the 

α-phase. 

The thesis is divided into the following five chapters: 1. Introduction, where the 

scope of this thesis is given with a brief background on PVDF; 2. Literature Review, where 

a summary of previously published works on PVDF synthesis and polymorphism is 

presented; 3. Experimental Section, where detailed procedures and characterization 

methods are given; 4. Results and Discussion, where outcomes of successful experiments 

are discussed; and  5. Conclusion and Perspective, where the outcomes of this work are 

summarized and perspective are discussed.  
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CHAPTER 1: INTRODUCTION 

          Poly(vinylidene fluoride) (PVDF or PVF2) is an exceptional member of the 

fluoropolymers family with the second largest production volume in fluoroplastics after 

polytetrafluoroethylene (PTFE) 1. PVDF can be synthesized by radical polymerization of 

1,1-difluoroethene, which is also known as vinylidene fluoride (VDF or VF2) and the 

repeating unit of the polymer is CH2-CF2 
2. PVDF was first prepared by Ford and Hanford 

in 1948 and issued a patent for claiming the structure3. In 1958 and after preliminary 

studies by researchers at Pennsalt Chemicals Corporation, the company decided to invest 

in the further development of this fluoropolymer due to its intriguing properties 4. Two 

years later, Pennwalt Chemicals acquired the rights for its first commercial product, 

known in the market by trade name Kynar. 

          PVDF is a semicrystalline thermoplastic material 5.  Many PVDF remarkable 

properties (high resistance to oxidation and hydrolytic stability) are attributed to the 

presence of bonds created between carbon and fluorine atoms 5. PVDF homo- and 

copolymers gained significant attention from both industry and academia due to the 

following: 

 1) Outstanding high thermal stability, high chemical resistance and stability to acids, 

bases, and solvents. 

 2) Low surface energy, low flammability, low permittivity, low dissipation factor, and low 

water absorption as well as excellent weather resistance to oxidative and hydrolytic 

decomposition. 

3) Versatile usage as thermoplastics 6. 
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         However, PVDF shows three major drawbacks: (1) difficult and not cost-effective 

processability caused by the high melting temperature 7 (2) poor solubility in common 

organic solvents 8 (3) difficulty in the preparation of curing material of PVDF. As a result, 

the copolymerization of VDF with other monomers has drawn more interest 8. 

        Copolymerization is an industrially common method to perform effective changes in 

polymer properties and is widely used in the development of commercial polymers. It 

usually combines the properties of the constituent polymeric moieties changes 

intramolecular/intermolecular forces and thus affecting melting point, glass transition 

temperature, crystallinity, stability, elasticity, permeability, and chemical reactivity. 

PVDF-based copolymers can be classified into three categories according to the VDF 

content: (1) The content of comonomers is smaller compared to that of VDF; in this case, 

the produced copolymers are also thermoplastic, but with lower crystallinity than that of 

PVDF 9,7. (2) The VDF content in the copolymer is lower than that of the comonomers; in 

this case, thermoplastic elastomers can be attained 10. (3) The content of comonomer(s) 

is much higher than VDF; in this case, the produced copolymers are elastomeric and 

amorphous11. 

            PVDF is commonly produced in the industry by free-radical polymerization through 

emulsion or suspension polymerization techniques. Both processes are water-based 12. In 

the emulsion process, emulsifiers to stabilize the monomer droplets and water-soluble 

inorganic-based initiators are used. On the other hand, in the suspension process, 

dispersing agents are utilized to stabilize the vinylidene fluoride droplets along with 

organic-based initiators 5. In addition, living controlled radical polymerization of VDF has 
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been investigated to control the molecular weight and molecular weight distribution as 

well as introducing the living character. RAFT and ITP have been reported to control the 

polymerization of VDF. Iodine transfer polymerization (ITP) was the first discovered and 

industrially used technique. In fact, ITP of VDF was established in the late 1970s at the 

Daikin Company by  Masayoshi Tatemoto 13. 
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CHAPTER 2: LITERATURE REVIEW 

           In chapter 2, fundamental terms, theoretical background related to physical 

properties of PVDF and a literature review for its homo-, block- random and alternating 

copolymerization with other monomers are presented. A brief description of the 

characterization techniques has also been given. In brief, the chapter is divided into three 

sections:  

➢ Synthesis of PVDF-Based Polymers: homopolymers and copolymers. 

➢ Iodine Transfer Polymerization (ITP): Importance and Mechanism.   

➢ PVDF Polymorphism: Characterization, Processing Methods and Electroactive 

Properties. 

2.1 PVDF-Based Polymers 

 This section reviews previously published works on the synthesis of PVDF-based 

polymers and copolymers. The part is divided into four main sections depending on the 

architecture of PVDF-based copolymers; (random, alternating and block copolymers), but 

first we start with the simplest case, that of homopolymer. 

2.1.1 PVDF Homopolymers 

        PVDF is industrially produced through a free radical polymerization process in 

emulsion or suspension media at 15–350 atm and 20–140 °C 5. Moreover, different 

researchers reported polymerization in solutions using different organic solvents and 

organic peroxides as initiators 9. The VDF polymerization reaction is affected by many 
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factors, such as temperature, pressure, monomer feeding as well as additives. All these 

parameters affect the product properties 9.  

          In the free radical polymerization of VDF, the macroradical produced in the 

propagation step could add to CF2 or CH2 sites due to the asymmetry of the VDF monomer 

and the comparable size of fluorine to hydrogen atoms. That gives the possibility of 

reverse addition of the monomers. This reverse addition creates defects in the polymer 

chains. Head to tail (H-T) addition (CH2-CF2-CH2-CF2), as well as  (H-H) and (T-T) (CH2-CF2-

CF2-CH2) and (CF2-CH2-CH2-CF2) respectively are possible along the PVDF backbone 5,14. Yet, 

the head‐to‐tail addition dominates in the polymer chains. For example, commercial 

grades show a 3 to 7 mol% defect structures 15. The defects are typically quantified by 1H 

NMR.  Determining the content of chain defects in the polymer is crucial since it affects 

the crystallization and the morphology of the produced polymer; consequently, the 

properties  16.  

             On the other hand, polymerization of VDF has been broadly studied using 

control/living radical polymerization techniques 12,17,18. Controlled living radical 

polymerization shows several advantages over conventional radical polymerization, such 

as molecular weight prediction and polydispersity control. Moreover, CRP techniques 

establish living behavior in the polymer chain, which allows the sequential polymerization 

to produce block copolymers. Until now, reversible deactivation radical polymerization 

(RDRP) of VDF has only been accomplished using two techniques19: 1) iodine transfer 

polymerization (ITP), and 2) reversible addition-fragmentation chain transfer (RAFT) 

polymerization. These two techniques are based on a degenerative transfer (DT) 
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mechanism that utilizes a chain transfer agent (CTA)  20. The chain transfer agent in RAFT 

is xanthate-based, while in ITP, it is based on either perfluoroalkyl iodides (RFI) or α,ω-

diiodoperfluoroalkanes (IRFI) 21. In section 2.2, details on the mechanism and importance 

of ITP are reported. 

2.1.2 PVDF-Based Random Copolymers 

Copolymerization is the most powerful method to achieve efficient changes in 

polymer properties and is commonly used in the production of commercial polymers. VDF 

can be copolymerized with other monomers through free radical polymerization towards 

random copolymers. Copolymers based on VDF and chlorotrifluoroethylene (CTFE), 

hexafluoropropene (HFP) and trifluoroethylene (TrFE) represent the most important 

manufactured thermoplastic copolymers of VDF. Notable dielectric properties are 

present in many random copolymers based on VDF, such as poly(VDF-co-CTFE), poly(VDF-

co-TrFE), poly(VDF-co-HFP). PVDF-based random copolymers are mostly synthesized 

through conventional radical copolymerization 19. Nevertheless, syntheses of random 

PVDF-based random copolymers using control radical polymerization were reported. CRP 

was used to produced polymers that the corresponding monomers cannot be 

copolymerized through conventional radical polymerization with a low polydispersity 

index (PDI), such as poly(VDF-ter-HFP-ter-F2C = CFSF5), poly(VDF-co-2-

trifluoromethacrylic acid), poly(VDF-co-perfluoromethylvinylether) 22,23.  
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2.1.3 PVDF-Based Alternating Copolymers 

Poly(VDF-alt-monomers) copolymers can be synthesized using different 

fluorinated comonomers having the appropriate reactivity ratio. Poly(VDF-alt-monomers)  

were synthesized by using the flowing comonomers hexafluoroisobutylene, 

hexafluoroacetone, methyl 2-trifluoroacrylate  and 2-trifluoromethacrylic acid (TFMAA) 

5,24. 

2.1.4 PVDF-Based Block Co/Terpolymers 

   Block copolymers are copolymers made of two or more different polymeric 

segments linked together. This type of polymers has been widely investigated due to the 

combination of properties of the constituent polymers that brings new physical and 

thermodynamic properties. The most significant applications of these well-defined 

copolymers are thermoplastic elastomers (for sealants, gaskets), fuel cell membranes, 

and various items (lenses, dental materials) 5.  PVDF block copolymers are synthesized 

through the following approaches:  

1- Conventional Radical Polymerization: 

   A macro transfer agent of ω-bromoperfluorinated perfluoropolyethers was used 

to produce PFPE-b-PVDF diblock copolymer. Also, a diblock terpolymer of PFPE-b-

poly(VDF-co-HFP) was reported 25. 

2- Controlled/Living Polymerization:  

 Different methods of controlled/living polymerization were used to synthesize 

PVDF-based block copolymers, such as iodine transfer polymerization (ITP) and 
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reversible addition−fragmentation chain-transfer polymerization (RAFT) 5. Block 

copolymers synthesized using both techniques required the sequential addition of 

both monomers to the living sites. Tatemoto et al. synthesized poly(VDF-co-HFP)-b-

PVDF block copolymers by iodine transfer polymerization in the late 1970s using an 

α,ω-diiodoperfluoroalkane (IRFI) iodine transfer agents such as IC4F8I or IC6F12I.  This 

discovery initiated the copolymerization of VDF with other comonomers. Block 

copolymers were also reported to be synthesized by macromolecular design via the 

interchange of Xanthates (MADIX). For example, the controlled radical 

copolymerization of VDF with HFP in the presence of CH3OCOCH(CH3)SC(S)OEt 

xanthate afforded a living poly(VDF-co-HFP) copolymer bearing a xanthate end group, 

which was able to further polymerize vinyl acetate and produces the poly(VDF-co-

HFP)-b-poly(vinyl acetate). 

3- Polycondensation: 

            The synthesis of PVDF-based block copolymer also was achieved by 

polycondensation of α,ω-dibromo-PVDF and α,ω-dihydroxybisphenol A polysulfone 

to produce bisphenol A polysulfone-block-PVDF (PSF-b-PVDF) 26. This type of 

sulfonated block copolymers has the potential to be used in proton-conducting 

polymer in fuel cell membranes 26.  

4- “Click” Chemistry  

The syntheses of PVDF-b-PtBuA, PVDF-b-PSt and  PVDF-b-PNIPAAM were achieved 

by the copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC) “click” coupling, 

between alkyne- and azido-terminated homopolymers27. In addition, PVDF (N3-PVDF-
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N3) was connected to alkyne-terminated poly(lactic acid) (PLLA) to obtain PLLA-b-

PVDF-b-PLLA triblock copolymers28. 

2.2 Control/ Living Radical Polymerization via Iodine Transfer Polymerization 

The control/ living radical polymerization of vinylidene fluoride monomer has 

drawn the attention of many researchers. Although atom transfer radical polymerization 

(ATRP) and nitroxide mediated polymerization are two of the most applied CLRP 

techniques, these are not efficient to control the VDF polymerization 5; two other 

degenerative transfer (DT) methods have been reported that they provide control over 

the polymerization of VDF namely reversible addition-fragmentation chain transfer 

(RAFT) polymerization involving xanthates (macromolecular design via the interchange of 

Xanthates-MADIX) and iodine transfer polymerization (ITP) 21. ITP is the first control 

radical polymerization technique that was applied successfully in the industry after its 

discovery by Tatemoto at the Daikin company in the 1970s 13. The polymerization utilizes 

a chain transfer agent bearing terminal iodine, such as perfluoroalkyl iodides (RFI) or α,ω-

diiodoperfluoroalkanes (IRFI). The use of ITP  has many advantages, such as control of 

molecular weight and relatively low molecular weight distribution. Besides, the ‘living’ 

character of the produced polymer allows high end group fidelity which is important 

toward the synthesis of block copolymers either with ITP or combined with other CRP 

methods. 

Mechanisms of Iodine transfer polymerization are shown in the schematic 

illustration bellow (Figure 2.1):  
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Figure 2.1 Elementary steps of Iodine transfer polymerization[36]. 

In the first step (a), radicals are generated from a conventional initiator, such as AIBN and 

other peroxide initiators. Then the produced radicals react with monomers (M) to give a 

polymer chain or a propagating radical Pn
• as shown in step (b). In step (c), the propagating 

radical undergoes iodine exchange with the transfer agent, RF−I, to the propagating 

radical, Pn
• to produce a new initiating radical and a polymer with iodide chain end. Then 

in step (d), the new evolving radical proceeds in propagating by monomer additions. The 

most important step is step (e) because it gives to this technique the living characteristic. 

In step (e) equilibrium between the dormant and the living species is established. Like 

many other control/living radical polymerization techniques, there is unavoidable 
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termination (represented by step (f)) reaction. However, these termination reactions 

must be minimal to ensure the living character of the polymer. 

2.3 PVDF Polymorphism 

2.3.1 Introduction 

PVDF is a semicrystalline polymer, which displays a set of five different crystalline 

polymorphs resulted from different chain conformations. The five distinct crystalline 

phases are as follow:  one phase has all-trans conformation (TTTT’) planar zigzag known 

as β-phase, two of them have trans-gauche–trans-gauche conformation (TGTG′) known 

as α-and δ-phases and the rest two have trans-trans-trans-gauche conformation (TTTG′) 

known as γ-and ɛ-phases. The three most stable and studied phases are α-, β-, and γ-

phases (shown in Figure 2.2) 29–32. 

 

Figure 2.2  Schematic representation of α-, β- and γ-phases of PVDF 32. 

  One polymorph which is superior to all others is that of β-phase. It exhibits 

extraordinary properties and electrical features, including piezo-, pyro-and ferroelectric 

properties 33. The electroactive properties are significant in many applications such as 
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energy storage, biomedicine, spin-valve devices, smart scaffolds and sensors 32,34. This 

section reviews the methods of phases identification, method of processing techniques 

and electroactive properties of PVDF. 

2.3.2 Phases Characters of PVDF 

The careful characterization of PVDF samples is essential for identifying the 

correct crystalline phase. The following three characterization techniques are mainly used 

to study the polymorphism of PVDF samples: Fourier transform infrared spectroscopy 

(FTIR), X-ray diffraction (XRD) and differential scanning calorimetry (DSC).  The two most 

common phases of PVDF are the α-and β-phases, and both of these phases are identified 

by  X-ray diffraction and FTIR techniques 35. The presence of a third phase: the γ-phase 

causes the difficulty of identifying those phases 36. This lately discovered phase has been 

mistakenly reported as β-phase because it was always in coexistence with other phases 

36. Just recently, a material with single γ-phase content was prepared, and the 

characteristic peaks of γ-phase were identified 37. Many studies have been reported, 

which include a careful interpretation of the results provided by FTIR, XRD and DSC 

techniques to identify the right polymorph 29,38–40. 
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Figure 2.3 a) XRD spectra of different PVDF’s polymorphs. b) FTIR spectra for different 

PVDF's polymorphs. c) DSC thermogram of different PVDF’s polymorphs 32. 

Sometimes, more than one technique is required as a complementary to the main 

one to identify the correct crystal polymorph 32.  

2.3.2.1 Fourier Transform Infrared Spectroscopy (FTIR) 

The Fourier transform infrared spectroscopy (FTIR) is used to provide important 

information, and it is utilized for the differentiation and labeling of the different 

crystalline phases of PVDF material. However, due to the complexity of the PVDF 

crystallization, some vibration bands of the β- and γ-phases are similar 38. Also, many 

PVDF samples can have coexistence of more than one of the crystalline phases, and this 

causes problems in identifying and quantifying exactly the present phase or phases 41. 

Figure 2.4  (a)  FTIR-ATR spectra of α-, γ- and β-phase PVDF. (b) a detail of the β- and γ-
characteristic region commonly used in the literature for the identification of the 
phases.[16]. 
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Figure 2.4 shows FTIR spectra of different crystal polymorphs of PVDF 32. With the 

use of FTIR, we can easily identify the α-phase of PVDF since its FTIR spectrum shows a 

large number of characteristic bands that are discrete for the TGTG’ α-phase 41. The bands 

at 489, 614, 766, 795, 855 and 976 cm−1 all are consistent with the α-phase only 41. On the 

other hand, all-trans TTTT’  β-phase and the TTTG’ phase show similar bands due to the 

similarity of the polymer chain conformation 38,41. The vibrational bands at 512 cm−1 for 

the γ-phase, is very close to the band at 510 cm−1 for the β-phase. Moreover, the 840 cm−1 

band is found on both polymorphs; however, it is a strong, clear peak for the β-phase, 

while for the γ-phase appears as a shoulder of the 833 cm−1 band. Nevertheless, there are 

some FTIR absorption bands that are unique to each phase. For instance, the bands at 

445 and 1279 cm−1 are solely for β-phase, as well as the band at 1279 cm−1. Similarly,  the 

bands that are shown at 431, 776, 812, 833 and 1233 cm−1 are exclusive of the γ-phase 

40,42. The characteristic bands of each crystalline polymorph are summarized in Table 2.1. 

Table 2.1 The characteristic bands of each crystalline polymorph of PVDF in cm-1. 

α β γ 

489 510 431 

532 840 512 

614 1279 776 

766 
 

812 

795 
 

833 

855 
 

840 

976 
 

1234 



26 

The FTIR spectrum is dependent on molecular mass distribution, amount of 

defects (head-to-head and tail-to-tail addition), crystallinity degree and orientation 43. 

Therefore, further characterization techniques, such as X-ray diffraction and differential 

scanning calorimetry, have been utilized for PVDF polymorphism identification. 

2.3.2.2 X-ray Diffraction (XRD) 

Since different PVDF chain conformations result in different crystalline phases, 

these crystal structures can be identified and distinguished by X-ray diffraction (XRD). 

Although some peaks are similar in different structures, yet some peaks are exclusive to 

some crystal structures and can be used to distinguish the different phases 32,44.  

 

Figure 2.5 XRD spectra of the different PVDF polymorphs32. 

 All three phases have a strong peak around 2θ =20°, but only the TGTG’ α-phase 

and TTTG’ γ-phase have additional peaks at around 18°, and in this way, these two phases 

can be easily distinguished from the all-trans β-phase 38. Furthermore, the β-phase has an 
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intense peak corresponding to the diffraction at the (110) and (200) planes and located 

at 2θ = 20.26° 38,45. The α-phase has many representative peaks related to the diffraction 

in the (100), (020), (110) and (021) planes, at 2θ = 17.66°, 18.30°, 19.90° and 26.56° 

respectively 32,38. However, the TTTG’ γ-phase raises some issues in identification because 

pure γ-phase PVDF was prepared just lately by the incorporation of clay 46. The distinctive 

peaks of the γ-phase are as follow at 2θ = 18.5° and 19.2° corresponding to planes (0 2 0) 

and (0 0 2) respectively. Also, an intense peak at 2θ = 20.04° confirms the (1 1 0) crystalline 

plane, and a weak peak at around 26.8° is ascribed to the (0 2 2) plane 38,46,47. Table 2.2 

below summarizes the X-ray diffraction patterns of all three crystal phases.  

Table 1.2 The characteristic angles and planes of the different phases of PVDF32. 

XRD data 2θ Crystal plane 

α-PVDF 17.66° (1 0 0) 

18.30° (0 2 0) 

19.90° (1 1 0) 

26.56° (0 2 1) 

β-PVDF 20.26° (1 1 0) (2 0 0) 

γ-PVDF 18.5° (0 2 0) 

19.2° (0 0 2) 

20.04° (1 1 0) 

26.8° (0 2 2) 

 

FTIR results reveal some complications to distinguish between β- and γ-phases. 

Similarly, XRD results show some difficulty in distinguishing α- from γ-phase. Therefore, 

the use of both techniques allows a distinct differentiation among all of the three phases 

of PVDF. 
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2.3.2.3 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) can assist the previously mentioned 

characterization techniques (FTIR and XRD) in identifying the correct phase of the sample. 

Different melting peaks on the DSC traces correspond to different crystalline phases. The 

different phases cannot be defined by a single melting point since the melting point is 

affected by other factors related to the morphology, such as defects and crystalline size. 

However, a temperature range for the melting point can be determined. The melting 

temperatures range reported in the literature for the α-phase of PVDF is 167°C to 172°C 

48. Similarly, β-polymorph has a melting temperature on the same range as the α-

polymorph 47–49. Therefore, this method of characterization cannot be used to distinguish 

between α- and β-phases. On the other hand, PVDF samples containing γ-phase show 

different endotherm peaks than α- and β-phases. Interestingly, PVDF samples containing 

γ-phase obtained from different crystallization procedures exhibit melting points of 

different temperature ranges. For instance, γ-phase samples that are obtained from the 

melt have a melting point 179–180 °C, which is around 8 °C higher than the other two 

phases 47. Furthermore, γ-phase samples that are obtained by the transition from the α-

phase has a melting point 189–190 °C which is around 18 °C higher than the other 

polymorphs 47,49. Regardless of being an essential tool in indicating which phase is present 

in the polymer sample, DSC should always be accompanied by FTIR or XRD since its 

outcomes are not only affected by the crystalline procedure, but also by crystalline 

defects. 
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Figure 2.6 melting range of the different PVDF polymorphs. 

2.3.3 Processing Techniques of β-Phase PVDF 

2.3.3.1 Phase Transition Methods 

 All-trans β-phase PVDF can be obtained through the phase transition of α-phase 

and the melt 50. Several reported articles obtained the β-Phase PVDF from the α-phase by 

stretching techniques 29,51,52. On these techniques, α-phase films are placed under stress 

that resulted in an alignment of the polymer chains in a way that led to all-trans planer 

zigzag conformation. A dipole moment perpendicular to the direction of the stretching 

can be obtained by using the phase transition method. 

In addition to phase inversion from the α-phase and the melt, β-phase can be 

obtained from the γ-phase by uniaxial stretching. This method relatively easy because γ-

phase is in a high energy point between α- and β-phases. β-phase can be produced by 

poling the γ-phase at 120 °C, and the poled β-phase PVDF films exhibit very strong and 

persistent piezoelectric effect up to 205 °C 53. 

2.3.3.2 Solvent Casting  

Many researchers developed more suitable techniques to produce films and 

nanofibers PVDF of β-phase using the solvent casting method. The following solvent 
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casting techniques such as Langmuir–Blodgett 54, spin-coating 55,56, solvent evaporation 

57–59 and electrospinning 60,61 have been reported to produce β-phase materials 

successfully. Moreover, it has been proven that films prepared by solvent casting in 

dimethylformamide (DMF), dimethylacetamide (DMAC), and dimethyl sulfoxide (DMSO), 

result in the formation of β-phase 48,62. 

2.3.3.3 Composites 

Many of the previous methods of processing β-phase, show undesired problems 

such as deformations. These problems prevent the use of such material in applications of 

electro-optical sensors 63,64. Hereafter, other ways to produce the electroactive phases of 

PVDF have also been established. The use of fillers within the polymer matrix has been 

reported to induce the β-phase 50. The β-phase of PVDF has been achieved by the addition 

of fillers, such as clays65, hydrated ionic salts 62, BaTiO3 66, TiO2 67, and other nanoparticles 

such as ferrite 67, palladium 68, gold 69 and carbon nanotubes 70 and by polymer fillers 

(PMMA) 71. The nucleation of β-phase is driven by the negative charge of nanoparticles. 

The negatively charged particles strongly interact with CH2 bonds of the PVDF, and that 

results in an all-trans conformation of β-phase 72.  

2.3.3.4 PVDF Copolymers 

  The copolymerization of VDF with other monomers is widely used to modify the 

PVDF properties; consequently, different copolymers of PVDF have been developed. The 

copolymerization method was used to obtain β-phase PVDF independently of the used 

processing method. Poly(vinylidene fluoride-trifluoroethylene), P(VDF-TrFE), in specific 
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molar ratio always gives the β-phase 73. The addition of the third fluoride in the 

monomeric unit results in a steric hindrance favoring the all-trans conformation, thus 

producing the β-phase. Also, VDF has been copolymerized with chloride trifluoride 

ethylene (CTFE), resulting in the production of P(VDF-CTFE) copolymer. In this polymer, 

the presence of the bulky CTFE monomer causes the structure of copolymer loose, which 

can permit the appropriate orientation of the chains to produce dipole under external 

electric field 74. Moreover, this polymer shows good piezoelectric behavior. 

Moreover,  the β-polymorph of PVDF has been detected in block copolymer such as 

poly(tert-butyl methacrylate)-block-PVDF-block-poly(tert-butyl methacrylate) triblock 

copolymers 75.  Additionally, the existence of β-polymorph was verified by FTIR and XRD 

analysis of the block copolymers 75. Different processes and methods of obtaining β-phase 

are summarized in Table 2.3 below. 

Table 2.3 Summary of methods used to obtain β-polymorph. 

β Technique  References 

From the melt Pressure quenching at high temperatures  76 

From α-phase Stretching mechanism  33,51 

From solvent casting Spin-coating 56,63 

Langmuir Blodgett deposition process 54 

Electrospinning  60,77 

From solution with DMF or dimethyl acetamide  58 

Copolymers P(VDF-TrFE) 73 

P(VDF-CTFE) 74 
PtBuMA-b-PVDF-b-tBuMA 75 

Fillers Ferrite nanoparticles 67 

BaTiO3 66 

Clay 65 

Palladium nanoparticles 68 

Gold nanoparticles  69 

Hydrated salts 62 

TiO2 67 

Carbon nanotubes 70 
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2.3.4 The Electroactive Properties of the β-Phase PVDF 

         Piezoelectricity in stretched and poled films of polyvinylidene fluoride (PVDF) was 

first demonstrated by Kawai in 1969, and pyroelectric property of PVDF was discovered 

by Bergman et al  and Nakamura and Wada in 1971. These discoveries led to wide 

investigations on the pyro-, piezo-, and ferroelectricity of PVD 78. This section summarizes 

the electroactive properties of PVDF. 

2.3.4.1 Piezoelectric Effect 

Piezoelectricity is the ability of a certain material to generate electrical charges 

when mechanical stress or force applied to it. β-phase PVDF is considered as a 

piezoelectric material 30. In the earlier sections, it was mentioned that α-phase of PVDF is 

nonpolar; thus, it does not express the piezoelectric effect. On the other hand, β- and ɣ-

phase have piezoelectricity on it, since they show a dipole moment. Generally, the 

charges of piezoelectric chains are stable even if they are not symmetrically positioned. 

There is no net charge on the material. However, when mechanical stress is applied, the 

charges become unstable. Therefore, net charges appear on both sides of the chain. In 

this way, a voltage can be generated by simply pressing the piezoelectric material. The 

piezoelectricity generation depends on the percentage and the type of the electroactive 

phase (β- and ɣ-phases) present in the films. Piezoelectricity is determined by 

piezoelectric charge constant (dij) that is defined as the ability of charge density 

generation by applying mechanical stress  79.  PVDF has piezoelectric coefficients of 

24 pCN−1, and it is flexible and robust 50. 
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2.3.4.2 Pyroelectric Effect 

Pyroelectricity is defined as the ability to convert thermal fluctuation into 

electrical energy 80. Materials with pyroelectric properties can generate a temporary 

voltage when they are heated or cooled. Thus, they act as a small-scale power generator 

using thermal energy when connected across an electric load. A pyroelectric material can 

support harvesting intact thermal energy sources, such as solar, industrial and 

geothermal waste heat or heat from friction and body temperature, which provides an 

outlook of powering wearable electronic 81. Pyroelectricity is determined by a pyroelectric 

coefficient (ρ) that is defined as the capability of charge density generation when the 

temperature fluctuates by  1°C 80. PVDF shows a pyroelectric coefficient of 200 μC m−2 K−1 

82. 

2.3.4.3 Ferroelectric Effect 

The detection of piezoelectricity and pyroelectricity in polyvinylidene fluoride 

(PVDF) suggests the presence of ferroelectricity as well 83. Ferroelectricity has been found 

in a small number of crystalline polymers, but PVDF stands out due to its highly compact 

structure and large permanent polarization. Moreover, PVDF is chemically stable, which 

is a major advantage compared to many ferroelectric materials. One of the crystalline 

phases of PVDF, the β-phase, has polymer chains of all-trans zigzag conformation tightly 

packed in a hexagonal polar structure that exhibits ferroelectricity. The ferroelectric 

property of PVDF is a result of the dipole moments along its molecule, while the dipole 



34 

moments are primarily due to the presence of fluorine atoms that are highly 

electronegative 84. 
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CHAPTER 3: EXPERIMENTAL SECTION 

 This section deals with the experimental part of the current thesis. The used 

materials during the synthesis, experimental procedures as well as analytical 

characterization results by Gel Permeation Chromatography (GPC) and Nuclear Magnetic 

Resonance (NMR) are given.  

3.1 Material 

Luperox® 331M80, 1,1-bis(tert-butylperoxy)cyclohexane (solution ~80 wt. % in 

odorless mineral spirits, Sigma-Aldrich) , dimethyl carbonate (anhydrous ≥99%, Sigma-

Aldrich), 2,2′-azobis(2-methylpropionitrile) (98%, Sigma-Aldrich) was recrystallized from 

methanol. Perfluorohexyl iodide (99%, Sigma-Aldrich), octafluoro-1,4-diiodobutane (98%, 

Sigma Aldrich), n-hexane (95%, Sigma Aldrich), cyclohexane (anhydrous, 99.5%, Sigma-

Aldrich), acetone (≥99.5%, Sigma-Aldrich), methanol (≥99.9%, Sigma-Aldrich), n,n-

dimethylformamide (anhydrous, 99.8%, Sigma-Aldrich), tetrahydrofuran (ReagentPlus®, 

≥99.0%, contains 250 ppm BHT as inhibitor, Sigma-Aldrich), N,N-dimethylformamide-d7 

(≥99.5 atom % D, Sigma-Aldrich), acetone-d6 (99.9 atom % D, Sigma-Aldrich), styrene 

(contains 4-tert-butylcatechol as stabilizer, ≥99%, Sigma-Aldrich) was filtered through 

silica column just before polymerization. Methyl methacrylate (contains ≤30 ppm  MEHQ 

as inhibitor, 99%, Sigma-Aldrich) was purified through silica. tert-Butyl acrylate (contains 

10-20 ppm monomethyl ether hydroquinone as inhibitor, 98%, Sigma-Aldrich) was 

filtered through silica column just before polymerization. Vinylidene fluoride monomer. 
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3.2 Experimental Procedure  

3.2.1 Synthesis of PVDF via Free Radical Polymerization 

 

Figure 3.1 Free radical polymerization of VDF monomer. 

In a Parr reactor, 120 ml of dimethyl carbonate was added, then (15mg, 0.058 

mmol, one equivalent) of 1,1-bis(tert-butylperoxy)cyclohexane initiator was added to the 

reactor. After that, the reactor went through 3 cycles of degassing by Schlenk line, filling 

with argon for 30 minutes and then put to vacuum for 10 minutes. After that, the reactor 

was submerged into liquid nitrogen to cool down it below 0℃. Then the reactor was filled 

with VDF monomer (18.4g, 288 mmol, 5000 equivalents), and the reactor temperature 

was increased to 80 ℃. The reaction was stopped after 48hrs by cooling down the reactor 

and opening it to the atmosphere. Then the solvent was evaporated using a rotary 

evaporator setup. Then produced polymer was dissolved in acetone then precipitated in 

n-hexane. The polymer was filtered and then dried in a vacuum oven overnight.  The 

conversion of this reaction was calculated as around 39%, and the weight of the obtained 

polymer was 7.2g. GPC characterization identified the number-average molecular weight 

and polydispersity of the sample (Mn=23.000 g/mol and PDI=1.34) (Figure 3.2). 
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NMR was used to prove the synthesis of PVDF and to calculate the content of chain 

defects (H-H, T-T) in the synthesized polymer. 

Figure 3.2 GPC trace (DMF, 40℃, PSt standard) Note: trace is negative because (dn/dc)PVDF 
< 0. 

Figure 3.3 1H NMR spectrum of PVDF (500 MHz, acetone-d6, 25°C). 
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3.2.2 Synthesis of PVDF via Iodine Transfer Polymerization  

3.2.2.1 Synthesis of PVDF Using Perfluorohexyl Iodide C6F13I as CTA 

 

Figure 3.4 ITP of VDF using C6F13I as a CTA 

In a Parr reactor, 120 ml of dimethyl carbonate was added, then (15mg, 

0.058mmol,0.2 equivalent to CTA) of 1,1-bis(tert-butylperoxy) cyclohexane initiator was 

added to the reactor. Next, perfluorohexyl iodide (514mg, 1.15 mmol, one equivalent) 

was added to the mixture as the CTA. After that, the reactor went through 3 cycles of 

degassing by Schlenk line, filling with argon for 30 minutes, then put to vacuum for 10 

minutes. After that, the reactor was submerged into liquid nitrogen to cool down the 

reactor below 0℃. Then the reactor was filled with VDF monomer (18.4g, 288 mmol, 250 

equivalents). Finally, the reactor temperature was increased to reaction temperature, 

which is 80 ℃. The reaction was left for 48hrs, and then it was stopped by cooling down 

the reactor and opening to the atmosphere. Then the solvent was evaporated using a 

rotary evaporator setup. Then produced polymer was dissolved in acetone then 

precipitated in n-Hexane. The polymer was filtered and then dried in a vacuum oven 

overnight. The conversion of the reaction was approximately 15% yielded 2.7g of PVDF. 

GPC characterization identified the number-average molecular weight and polydispersity 

of the sample (Mn=17,000 g/mol and PDI=1.25) (Figure 3.5) 
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12 13 14 15 16 17 18 19

Elution Time (min)

 ITP of  PVDF in DMC

Figure 3.5 GPC trace (DMF, 40℃, PSt standard) Note: trace is negative because (dn/dc)PVDF 
< 0. 

Figure 3.6 1H NMR spectrum of PVDF (500 MHz, acetone-d6, 25°C). 
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3.2.2.2 Synthesis of PVDF Using C4F8I2 as CTA 

 

Figure 3.7 ITP of VDF using C4F8I2. 

In a Parr reactor, 120 ml of dimethyl carbonate was added, then (40mg, 0.15mmol,0.2 

equivalent) of 1,1-bis(tert-butylperoxy) cyclohexane initiator was added to the reactor. 

Subsequently, octafluoro-1,4-diiodobutane (345mg, 0.76mmol, one equivalent) was 

added to the mixture as the CTA. The reactor went through 3 cycles of degassing by 

Schlenk line, filling with argon for 30 minutes, then put to vacuum for 10 minutes. After 

that, the reactor was submerged into liquid nitrogen to cool down the reactor below 0℃. 

Then the reactor was filled with VDF monomer (24.5g, 382 mmol, 500 equivalent). After 

that, the reactor temperature was increased to reaction temperature (80℃). The reaction 

was left for 48hrs, and then it was stopped by cooling down the reactor and opening to 

atmosphere. Then the solvent was evaporated using a rotary evaporator setup. Then 

produced polymer was dissolved in acetone then precipitated in n-Hexane. The polymer 

was filtered and then dried in a vacuum oven overnight. This reaction estimated yield is 

14.0g of PVDF. From GPC characterization, it was calculated the apparent number-

average molecular weight and polydispersity of the sample (Mn=24,000 g/mol and PDI= 

1.35) Figure 3.8. 
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Figure 3.9 1H NMR spectrum of PVDF(500 MHz, acetone-d6, 25°C). 

Figure 3.8 GPC trace (DMF, 40℃, PSt standard) Note: trace is negative because (dn/dc)PVDF 
< 0. 
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3.2.3 Synthesis of Tri-block Copolymers Using I-PVDF-I as Macro CTA 

3.2.3.1 Synthesis of PtBuA-b-PVDF-b-PtBuA 

 

Figure 3.10 PtBuA-b-PVDF-b-PtBuA synthesis using I-PVDF-I macro CTA. 

In a round bottom flask equipped with a stir bar, 25 ml of dimethylformamide 

(DMF) was added. It follows the addition of 500 mg of I-PVDF-I to the flask as a macro 

chain transfer agent. Azobisisobutyronitrile (AIBN) (14mg, 0.085mmol) also was added to 

the mixture as well as (10.0g, 78mmol) of tert-butyl acrylate which previously was passed 

through silica column in order to remove the inhibitor. The mixture was subjected to 3 

cycles of degassing by Schlenk line, filling with argon for 30 minutes and then left under 

vacuum for 10 minutes. Then, the temperature was increased to 75℃, and the mixture 

was allowed to stir and left for 24 hrs. After all, the reaction was quenched by cooling and 

opening to atmosphere. Then the polymer was dissolved in acetone, then precipitated in 

methanol containing 10% water. The polymer was obtained and dried in a vacuum oven 

overnight. GPC characterization identified the number-average molecular weight and 

polydispersity of the sample (Mn=104,000 g/mol and PDI=1.86) (Figure 3.11). 
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Figure 3.12 1H NMR spectrum of PtBuA-b-PVDF-b-PtBuA (500 MHz, DMF-d7, 25°C). 
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Elution Time (min)

 PtBuA-b-PVDF-b-PtBuA

 I-PVDF-I

Figure 3.11 GPC traces (DMF, 40℃, PSt standard) Note: PVDF’s trace is negative because 
(dn/dc)PVDF < 0. 
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3.2.3.2 Synthesis of PMMA-b-PVDF-b-PMMA 

 

Figure 3.13 PMMA-b-PVDF-b-PMMA synthesis using I-PVDF-I macro CTA. 

In a round bottom flask equipped with a stir bar, 25 ml of dimethylformamide 

(DMF) was added. 1000 mg of I-PVDF-I was added to the flask as a macro chain transfer 

agent. Also, (3mg, 0.018mmol) of AIBN was added to the mixture and (5g,50mmol) of 

methyl methacrylate, which was previously passed through a silica column to remove 

inhibitors, was added to the flask. The mixture went through 3 cycles of degassing by 

Schlenk line, filling with argon for 30 minutes and then left under vacuum for 10 minutes. 

As a next step, the temperature was increased to 75℃, and the mixture was allowed to 

stir and left for 24 hrs. After the end of polymerization, the reaction was quenched by 

cooling and opening to atmosphere. Then the polymer was dissolved in acetone then 

precipitated in methanol containing 10% water. The polymer was obtained and dried in a 

vacuum oven overnight. GPC characterization identified the number-average molecular 

weight and polydispersity of the sample (Mn=67.000 g/mol and PDI=1.39) (Figure 3.14). 
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Figure 3.15 1H NMR spectrum  of PMMA-b-PVDF-b-PMMA (500 MHz, DMF-d7, 25°C). 

Figure 3.14 GPC traces (DMF, 40℃, PSt standard) Note: PVDF’s trace is negative because 
(dn/dc)PVDF < 0. 
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3.2.3.3 Synthesis of PSt-b-PVDF-b-PSt 

 

Figure 3.16 PSt-b-PVDF-b-PSt synthesis using I-PVDF-I macro CTA. 

In a round bottom flask equipped with a stir bar, 25 ml of Dimethylformamide 

(DMF) was added. 1000 mg of I-PVDF-I was added to the flask as a macro chain transfer 

agent. Also, (3mg, 0.018mmol) of AIBN was added to the mixture while (2.6g,25 mmol) 

Styrene was passed through a silica column to remove inhibitors just before use and then 

was added to the flask. The mixture went through 3 cycles of degassing by Schlenk line, 

filling with argon for 30 minutes, then put to vacuum for 10 minutes. Then the 

temperature was increased to 75℃, and the mixture was allowed to stir for 48 hrs. The 

reaction was quenched by cooling and opening to atmosphere. For the workup, the 

mixture was precipitated in N-Hexane. Then, the polymer was obtained and dried in a 

vacuum oven overnight. GPC characterization identified the number-average molecular 

weight and polydispersity of the sample (Mn=42,000 g/mol and PDI=1.35) (Figure 3.17). 
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Figure 3.18  1H NMR spectrum of PSt-b-PVDF-b-PSt (500 MHz, DMF-d7, 25°C). 
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I-PVDF-I

Figure 3.17 GPC traces (DMF, 40℃, PSt standard) Note: PVDF’s trace is negative because 
(dn/dc)PVDF < 0. 
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CHAPTER 4: RESULTS and DISCUSSION 

4.1 Synthesis of PVDF Homopolymer via Free Radical Polymerization 

VDF homopolymerization was carried out in dimethyl carbonate (DMC), a solvent 

with a low ability to transfer H atoms to PVDF radicals 85. Although DMC does not dissolve 

PVDF at room temperature, and only above 80 °C, it shows by far the fastest reaction rate 

compared to any other solvent. Based on the same reaction conditions and by using a 

radical initiator 85.  

Due to the asymmetry of the VDF molecule and the comparable size of fluorine 

and hydrogen atoms, a reverse addition is possible such as H-H and T-T addition (reverse), 

which are regarded as chain defects 5. The produced polymer from free radical 

polymerization showed a defect percentage of 11% using the 1H NMR peaks at 2.4 ppm 

for reverse addition and at 3.0 ppm for normal addition(Figure 3.3) 5,9.  In addition, the X-

ray diffraction indicates the polymorph, as shown below (Figure 4.1).  
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Figure 4.1 XRD spectrum of PVDF prepared by free radical polymerization. 

From the XRD spectrum we can see all the characteristic peaks at 2θ =17.66°, 

18.30°, 19.90° and 26.56° corresponding to the crystal planes (1 0 0), (0 2 0), (1 1 0) and 

(0 2 1) respectively of the TGTG’ α-phase. The α-phase is the dominant phase of PVDF 

crystals because it is the most stable and thermodynamically favored38.  

4.2 Synthesis of PVDF via Iodine Transfer Polymerization (ITP) 

Homopolymers of VDF was synthesized using the control/living free radical 

polymerization technique (iodine transfer polymerization (ITP)). First C6F13I was used as a 

chain transfer agent (CTA). This polymerization led to polymers with a narrow 

polydispersity index (PDI) that of 1.25. The 1H-NMR spectrum shows the end functional 

group containing iodine at the chemical shift of 3.8 and 3.9 ppm86. Also, from 1H-NMR, 

the polymer contains around 8% defects, which are less than that of the polymers 

produced by free radical polymerization (Figure 3.6). The crystal structure in PVDF 
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produced by the control radical polymerization using C6F13I was identified as α-phase, as 

shown in the XRD spectrum below (Figure 4.2). 

 

Figure 4.2 XRD spectrum of PVDF prepared by ITP using C6F13I as CTA. 

The peaks at 2θ = 17.66°, 18.30°, 19.90° and 26.56° corresponding to the crystal planes 

(1 0 0), (0 2 0), (1 1 0) and (0 2 1) respectively of the TGTG’ α-phase38.  

Moreover, VDF was homo-polymerized through the ITP method by using C4F8I2 as 

the CTA to produce telechelic I-PVDF-I in order to later be used as macro-CTA for 

subsequent block copolymerization. The 1H-NMR shows the peaks related to the end 

functional group between 3.8-3.9 ppm (Figure 3.9). Nevertheless, XRD characterization 

of I-PVDF-I shows that the TGTG’ α-phase is the present crystal polymorph, as shown 

below (Figure 4.3). The characteristic peaks of the α-phase at 2θ= 17.66°, 18.30°, 19.90° 
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and 26.56° correspond to the crystal planes (1 0 0), (0 2 0), (1 1 0) and (0 2 1) were 

observed on the XRD spectrum38.  

 

Figure 4.3 XRD spectrum of PVDF prepared by ITP using C4F8I2 as CTA. 

Although ITP method seems to significantly reduce the chain defects percentage 

(the H-H and T-T addition reduced), the crystallinity behavior of PVDF chains remained 

unaffected. XRD characterization shows that in both cases of ITP (two different CTA), the 

TGTG’ α-phase is the thermodynamically favored crystal polymorph32. 

4.3 Synthesis of PVDF-Based Block Copolymers via Iodine Transfer 

Polymerization 

The difunctional I-PVDF-I was used as a macro-CTA to synthesize PVDF-based 

block copolymers. The block copolymers have the generic formula of A-b-B-b-A, where A 

corresponds to one of the following polymers (PtBuA, PMMA, and PSt) and B to PVDF. 

Two acrylate monomers were used (tert butyl acrylate and methyl methacrylate) for the 
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block copolymerization by using the telechelic I-PVDF-I. PtBuA-b-PVDF-b-PtBuA was 

characterized by 1H-NMR in order to confirm the successful synthesis. 1H-NMR shows all 

peaks related to PtBuA (1.5, 1.9, 2.3 ppm) and those related to PVDF (2.5, 3.0 ppm) (Figure 

3.12). Broad peaks in XRD spectrum indicated a decrease in crystallinity. Our assumption 

is that the crystallinity of the triblock copolymer has been reduced significantly because 

the MW of the amorphous PtBuA segment is significantly higher than MW of the crystalline 

PVDF segment. The single peak in XRD suggests the presence of the all-trans crystals, 

which corresponds to β-polymorph. (Figure 4.4).  

 

Figure 4.4 XRD spectrum of PtBuA-b-PVDF-b-PtBuA prepared by ITP. 

   Similarly, PMMA-b-PVDF-b-PMMA was synthesized. The 1H-NMR spectrum shows 

the corresponding peaks for PMMA (1-1.5, 2.2, and 3.8ppm) as well as those for PVDF 

(2.6 and 3.25ppm) (Figure 3.15). XRD spectrum (Figure 4.5) suggests the presence of the 

TTTT’ β-polymorph by the presence of a single peak at 2𝜃= 20.2°. 
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Figure 4.5 XRD spectrum of PMMA-b-PVDF-b-PMMA prepared by ITP. 

 

It has been demonstrated that interactions between chemically different 

segments may affect PVDF chain conformations 87.  In both PMMA-b-PVDF-b-PMMA and 

PtBuA-b-PVDF-b-PtBuA, β-polymorph was induced.  This specific polymorph is attributed 

to two different reasons. First, the interactions between the carbonyl groups of the 

acrylates and the dipole moment of PVDF as well as hydrogen bonding with CH2 and 

second, the induced steric hindrance leads to all-trans conformation for these triblock 

copolymers. The mentioned interaction leads to all-trans conformation88,89. Moreover, 

Leonard et al. have shown that in the case of PVDF-PMMA segment interaction, the all-

trans conformation has more efficient interactions with the planar zigzag conformation 

of PMMA than TGTG′ conformation. Also, the interaction energy between the outer 

surface of PVDF nuclei and the surrounding PMMA moiety is lower for β-nuclei than the 
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corresponding α-nuclei. Since PtBuA has a similar chemical structure as PMMA, it can lead 

to interactions similar to PMMA and can induce the β-nuclei leading corresponding phase. 

In addition to the previous two triblock copolymers, PVDF was block 

copolymerized with PSt. The successful synthesis of PSt-b-PVDF-b-PSt was proved by 1H-

NMR. 1H-NMR shows peaks related to PSt (1.25-2.25 ppm for aliphatic protons and 6.5-

7.5 ppm for aromatic protons) as well as peaks related to PVDF (2.5 ppm for reverse 

addition and at 3.0 ppm for normal addition) (Figure 3.18). The XRD characterization of 

triblock copolymers of PSt-b-PVDF-b-PSt revealed the presence of two crystal phases. α- 

and γ-phase coexisted in the sample, as can be shown in (Figure 4.6). 

 

Figure 4.6 XRD spectrum of PSt-b-PVDF-b-PSt prepared by ITP. 

  

The peaks at 2θ = 17.66° (shown as a shoulder) and 26.56° are both characteristics 

of the α-phase. However, two intense peaks can be seen at 2θ = 18.8° and 20.4°, resulting 
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probably in the superposition of the α-phase peaks at 2θ = 18.30°, 19.90° and the peaks 

which are characteristic of the γ-phase at 2θ =18.5°,  20.04° respectively 38. 

Block copolymer containing PSt has shown the presence of γ-phase in addition to 

α-phase. The main factor in controlling crystallization behavior is the interaction between 

the PVDF chains and the surrounding. Since many authors have shown that fluorine atoms 

can have interactions with aromatic rings 90–92, it is suspected that interactions between 

fluorine atoms in PVDF chains interacted with aromatic rings of PSt thus directed the 

crystallization toward TTTG’ conformations93.  
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CHAPTER 5: CONCLUSION and PERSPECTIVE 

 

      Iodine transfer polymerization (ITP) was utilized to synthesize triblock copolymers of 

poly(vinylidene fluoride)(PVDF) and poly(tert-butyl acrylate)(PtBuA), poly(methyl 

methacrylate)(PMMA) and polystyrene (PSt). First, difunctional macroinitiator (I-PVDF-I) 

was successfully obtained by ITP of VDF monomer with C4F8I2 as CTA. Subsequently, the 

following triblock copolymers: PtbuA-b-PVDF-b-PtBuA, PMMA-b-PVDF-b-PMMA and PSt-

b-PVDF-b-PSt were successfully obtained through ITP with the telechelic macroinitiator I-

PVDF-I. The polymorphism examination of all triblock copolymers showed that the PVDF 

in the first two copolymers exhibits the electroactive β-phase. In contrast, in the third 

copolymer, there is a coexistence of α- and γ-phases upon characterization by XRD. The 

interactions between PVDF segment and PSt, PtBuA and PMMA segments influence the 

crystallization behavior. In PtbuA-b-PVDF-b-PtBuA and PMMA-b-PVDF-b-PMMA 

interactions between the dipole moment of PVDF and carbonyl of acrylate led to the β-

phase wherein PSt-b-PVDF-b-PSt the interaction between fluorine atoms and aromatic 

rings of PSt led to the coexistence of α- and γ-phases. In addition, linear PVDF 

homopolymers, using the free radical and IT polymerizations, were prepared for 

comparison purposes, and their polymorphism examination showed that all linear 

polymers possess the α-phase. 

A comprehensive study is needed to understand more about this type of 

polymers. For instance, a study involving different molecular weight of the acrylates 

segment is needed to find the minimum amount that is required to induce the β-phase 
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polymorph. In addition, more monomers of different functionality should be used to 

produce triblock copolymers similar to the current works to understand the various 

interactions between these functional groups and the main PVDF chain, as well as its 

effect on the polymorphism of the obtained triblock copolymers. Furthermore, self-

assembly studies should be carried out to investigate the properties of PVDF-based 

copolymers, such as the interaction between the crystallization of PVDF and the 

microphase separation with an amorphous segment. 

Future investigations are required for the development of better electroactive 

PVDF materials. Although there are a significant number of articles on PVDF and PVDF-

based copolymers, little work has been done on investigating the relationship between 

the different architecture of PVDF and the crystallization behavior as well as the observed 

crystal polymorphs in these different polymer architectures.  
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