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ABSTRACT 

A series of benzoyl peroxide (BPO) derivatives with different substituents, such 

as protected hydroxyl, carboxylic ester, chlorodiphenyl, carbamate and alkoxysilane 

groups, at the para-position of the phenyl ring were synthesized via condensation 

reaction with H2O2 in the presence of N, Nô-dicyclohexylcarbodiimide (DCC). The 

structures of BPO derivatives were characterized by 
1
H NMR spectra. The 

polymerization of vinylidene fluoride (VDF) and chlorotrifluoroethylene (CTFE), 

initialized by the functionalized BPOs,  was successfully conducted in acetonitrile. The 

1
H NMR, 

19
F NMR spectra and GPC results revealed intact functional groups and 1.9 of 

functionality degree (two ends).  

The utility of the telechelic copolymers has been demonstrated by forming cross-

linked fluoropolymer networks and by synthesizing well-defined block copolymers 

through atom transfer radical polymerization (ATRP), polyaddition reaction or 

polycondensation reaction. 

Block copolymers, comprised of conducting and ferroelectric blocks, were 

synthesized to determine the impact of block structures on the dielectric properties. The 

octaaniline oligomer utilized was synthesized via a modified literature method and has a 

comparable conductivity to polyaniline. Subsequently, a series of dumbbell-shaped 

triblock copolymers with octamer anilines at both ends were prepared. The polymer 

weights characterized by GPC were 59, 45, 32, 17 and 13 kg/mol, resulting in the 

octaaniline concentrations in the block copolymers of 4.8%, 6.5%, 10%, 14.8% and 
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18.7% respectively. The block structure was further confirmed by
 1
H NMR, Uv-Vis and 

FTIR analysis. An Agilent multifrequency LCR meter was utilized to determine the 

impact of octaanline concentration, doping reagents, and film preparation methods on the 

dielectric properties of the block polymers. It was found that both the permittivity and 

dielectric loss increased with increasing the octaaniline concentration of. By changing the 

sequence of doping and casting the films, different percolation thresholds of conduction 

were achieved.  
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Chapter 1 

Introduction and Statement of Goals 

 

1.1    Family of Polymer Dielectric Materials 

       Polymer dielectric materials are more attractive over their inorganic 

counterparts due to their unique properties, which such as light weight, large strain 

without structure fatigue, easy of processing into large area and flexible shapes, and 

low acoustic impedance in water and air.[1-6] The investigation of ferroelectricity in 

polymers can be traced back as early as 1919 by Eguchi.[7] Eguchi prepared electrets 

from mixtures of beeswax and rosin and produced the macroscopic separation of 

charge by poling. Thereafter, Brain[8] in 1924 reported the piezo-electrification in 

ebonite, glass, sealing wax, rubber. Martin et al.[9] (1941), Bazhenov and 

Konstantinova[10] (1950) and Fukada [11, 12] (1955, 1957) discovered the shear 

piezoelectricity of biopolymers such as wood, bone and human hair. Nevertheless, 

polymers were not found of any application interest in ferroelectric area until 1969 

and 1971 when Kiwai[13] and Bergman[14] found that poly (vinylidene fluoride) 

(PVDF) homopolymer exhibited significant piezoelectricity and pyroelectricity, 

respectively. Extensive studies on the relationship of structures and properties of 

ferroelectric polymers have been triggered ever since. So far, polymers which have 

been found to possess piezoelectricity or pyroelectricity include: (1) polyamides; (2) 

polyureas, polythioureas or polyurethanes; (3) optically active polymers; (4) 
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cyanopolymers; (5) disubstituted diacetylenes; (6) liquid crystalline polymers; (7) 

biological polymers; (8) fluoropolymers. 

 

1.1.1  Polyamides 

  The basic structure of a polyamide (nylon) is shown in Figure 1.1. When the 

number of carbon atoms between the amide bonds is even, the polar directions of the 

amide groups are antiparallel and the dipoles cancel. Thus, no ferroelectricity is 

observed in these even nylons. When the number of carbon atoms between the amide 

bonds is odd, the polar directions of the amide groups are parallel. Consequently, this 

type of nylon may acquire the residual polarization after poling. 

 

N
H

O

O

H
N

H
N

H
N

OO

(a) (b)
 

Figure 1.1 All -trans conformation of nylons: (a) even-nylon (b) odd-nylon. 

Arrows indicate the dipole directions. 

 

 The hydrogen bonding in odd-nylon between amides helps to establish a 

planar sheet structure and aligns the dipoles in the same direction which gives rise to 

a large dipole moment and spontaneous polarization. During poling, the amide 

dipoles rotate with the electric field (Figure1.2).[15]  Odd-nylon crystallizes in at 
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least three stable phases and two metastable phases.[1] The ferroelectricity of nylon 

film is derived from one of the metastable phases, ŭȭ [2, 16-18]. It is believed that 

annealing the sample will decrease the dielectric constant and greatly increase the 

coercive field of the ferroelectric hysteresis loop due to less rotating space for 

hydrogen bonds[19]. The piezoelectricity of odd-nylon is inferior to that of PVDF at 

room temperature, but above the glass transition temperature the piezoelectricity 

increases to be higher than that of PVDF. Su et al. [20] reported that the bilaminate of 

PVDF and nylon-11 shows enhanced piezoelectricity at both low and high 

temperature compared to the two homopolymers (Figure 1.3). 

 

Figure 1.2  The hydrogen-bonded sheet structure of odd-nylon.[15] 

 

 

Figure 1.3 Temperature dependence of piezoelectric stress coefficient e31 of 

(a) nylon11/PVDF bilaminate, (b) PVDF films, (c) nylon. [20] 
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1.1.2  Polyureas, Polythioureas and Polyurethanes 

 

C CN C N

H

H

H H

H

H

O

C N

H

O

* N

H

*

n

C CN C N

H

H

H H

H

H

S

C N

H

S

* N

H

*

n

(a)

(b)  

Figure 1.4  Molecular structures of (a) aromatic polyurea; (b) aromatic 

polythiourea. 

 

Polyurea is a hard resin and is insoluble in most organic solvents. The 

aromatic polyurea thin film is synthesized by directly vapor deposition 

polymerization of the monomers. Wang et al. [21] showed that the largest 

pyroelectric coefficient for the film occurred when there was a balanced composition 

of 4,4-diphenylmethane diisocyanate (MDI) and 4,4-diaminodiphenylmethane 

(MDA) (Figure 1.5). The merit of this aromatic polyurea film is the dielectric 

constant varies little until 200 °C. The piezoelectric and pyroelectric properties of 

polyurea and polythiourea derive from the high dipole moment, 4.9 D for the urea 

bond and 5.4 D for the thiourea bond. As mentioned previously for polyamide 

compounds, hydrogen bonds in polyurea also help to orient the dipole moments and 

form the planar structure.  Once again, only polyureas or polythioureas with an odd 
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number of carbon atoms (in the case of aliphatic compounds) between the two urea 

bonds or thiourea bonds exhibit high piezoelectricity and pyroelectricity. The dipole 

moment of the urethane group is approximately 2.8 D. The smaller dipole moment in 

polyurethane leads to weaker hydrogen bonding and smaller pyroelectricity.[19] 

 

Figure 1.5 Pyroelectric coefficient as a function of MDI and MDA composition.[21] 

 

1.1.3   Cyanopolymers 

          The copolymers of acrylonitrile, vinylidene cyanide and other monomers are 

amorphous cyanopolymers which exhibit piezoelectricity. The orientation of the CN 

dipole (ɛ= 3.5 D) after poling is the origin of its piezoelectricity.[3] Among 

cyanocopolymers, Poly (vinylidene cyanide -co- vinyl acetate) (P(VDCN-VAc)) is 

most interesting due to the highest reported dielectric relaxation strength ȹŮ=125 for 

amorphous polymers. The acoustic impedance is lower for P P(VDCN-VAc) than 

PVDF, which makes it a candidate for ultrasonic crack detector applications.[22] 
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1.1.4   Liquid Crystalline P olymers 

  In1975, Meyer et al. [23] showed by symmetry arguments that chiral 

smectic C liquid crystals would be ferroelectric. In 1980, Clark and Lagerwall [24] 

demonstrated that it is possible to develop a fast switching electro-optical device 

using ferroelectric liquid crystals. The principle of operation of their device is 

illustrated in Figure 1.6. The cell, represented schematically in (a), is placed between 

crossed polarizers and the incident light propagates parallel to the direction of the 

applied field. If the plane of the polarization of the incident light is parallel to the 

vector, no light is transmitted. If the direction of the applied field is reversed, thereby 

changing the orientation of the molecules, as indicated in (b), the birefringence of the 

cell changes the polarization of the incident light, allowing some to be transmitted 

through the second polarizer. [27] The first polymer with chiral smectic C-phase 

liquid crystalline side chains was synthesized by Shibaev et al. [25, 26]. 

  

Figure 1.6 Principle of operation of the surface-stabilized ferroelectric liquid-

crystalline light valve. [27] 
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        The remnant polarizations of these polymers are still low compared to PVDF but 

they appear to be improving as more molecules are synthesized.  

 

1.1.5   Biological Polymers 

          Various biological materials such as proteins, polysaccharides, polynucleotides 

(including DNA), enzymes, bone wood wool and hair have been proven to be 

piezoelectric materials or electrets. Fukada [11] provided experimental verification of 

both direct and inverse shear piezoelectric effects. Fukada suggested that the uniaxial 

orientation of crystallites in polymers under mechanical stress is the origin of 

piezoelectricity. This can be explained by the shear piezoelectric constants ïbeing 

finite and equal (d14 = d25) while the other components are zero, according to a 

symmetry DÐ for the uniaxially oriented crystallites. The shear piezoelectric 

constants of some biopolymers are given in table 1.1. [4]  

Recently, a polypeptide with a helical molecular structure polyðbenzyl-

Lglutamate (PBLG) had been found to orient the molecules under magnetic field 

(Figure 1.7). [28] The dependence on the magnetic field of the shear piezoelectric 

constant for such magnetically oriented PBLG films shows the value of ïd14 is 26 

pC/N in a magnetic field of 10 Tesla, which is the highest value ever reported for the 

shear piezoelectric constant in helical polymers. 
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Figure 1.7  Magnetic orientation of PBLG [28]. 

 

   

Table 1.1  Shear piezoelectricity of biopolymers [4]. 

 

1.1.6    Optically Active Polymers 

It is believed that the internal rotation of polar atomic groups associated with 

asymmetric carbon atoms in optically active polymers leads to shear piezoelectricity 

of optically active polymers. Table 1.2 gives the piezoelectric properties for different 
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optically active polymers. As with biopolymers, optically active polymers 

demonstrate shear piezoelectricity when subjected to a mechanical stress. One 

optically polymer that has been extensively studied is poly-L-lactic acid (PLLA) 

(Figure 1.8). Fukada [29] reported the large shear piezoelectric constant of PLLA, 

e14= - 20 mC/m
2
. Taska et al. [30] studied the dielectric hysteresis at 120ęC and 

130ęC both of which are above the crystallization temperature of PLLA, respectively. 

The remnant polarization Pr at 130ęC (96  mC/m
2)

 is larger than at 120 ęC, which is 

47 mC/m
2
. They explained the result by the reason that at higher temperature, the 

rotation of dipole becomes easier. It is found that PLLA shows not only shear 

piezoelectricity but also exhibits the piezoelectricity by dipole rotation, similar to 

PVDF. 

 

 

Table 1.2  The piezoelectric constants for three optically active polymers.[4] 
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Figure 1.8  Shear piezoelectricity of poly-L-lactic acid [29]. 

 

1.1.7  Disubstituted Diacetylenes 

       Diacetylenes R1 R2 , are special in that they form 

macroscopic monomer single crystals, which can be directly converted into 

macroscopic polymer single crystals by means of a solid-state polymerization.[31, 32] 

It is assumed that this reaction is accompanied by a crankshaft type of motion of the 

monomer molecule around its centre of mass (Figure 1.9). A pyroelectric coefficients 

of pexp = 1.2 ɛC/m
2
 for 1- (2,4-dinitrophenoxy)-6-(4-methyl-2-nitrophenoxy)-2,4-

hexaiyne has been reported. The pyroelectric coefficient is much smaller than that of 

PVDF, however its superior thermal stability enables application in infrared 

detection. [33] 

 



11 

 

 

Figure 1.9  Scheme of the solid-state polymerization of diacetylene crystals 

with side groups R1 and R2. [34]  

 

1.1.8   Fluorinated Polymer 

 The fluorinated polymer discussed in this thesis mainly includes poly 

vinyldienefluoride (PVDF) and copolymers of PVDF with other fluorinated 

monomers. In the rest of this chapter, it will be discussed in detail. 

 

1.2      The Structure of PVDF 

          PVDF is a semicrystalline polymer. The dipole moment of the VDF monomer 

unit is about 2.1 D. The density of the dipole moment is N = 1.9 x10
22

 cm
-3

 for ɓ-

PVDF. This results in a macroscopic polarization of 130 mC/m
2
 for 100% alignment 

of all dipoles along the chain. Thus the measured polarization of PVDF film of 65 

mC/m
2
 means 50% crystallinity of the polymer.[6] Not until recently, was the 

polymorphic structure of PVDF homopolymer clarified. A perfect PVDF structure 
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would have all of the carbon atoms that were bonded to hydrogen atoms only connect 

with carbon atoms that were bonded to fluorine atoms, which is called head-to-tail 

(HT). During synthesis, a certain fraction of the defects, head-to-head (HH) and tail-

to-tail (TT), cannot be avoided. In fact, it is these defects that render PVDF both 

piezoelectric and pyroelectric. Generally, it is believed that there are at least four 

crystalline phases that exist in PVDF: Ŭ phase, ɓ phase, ɔ phase and ŭ phase. Figure 

1.10 shows the conformations taken in those four phases. The molecular structures 

are showed in Figure 1.11. In the Ŭ phase (phase II), the molecular conformation is 

trans-gauch (TG TG
-
) and in one unit cell, there are two repeat units. The two dipole 

moments point in opposite directions. They cancel each other out, resulting in a zero 

net dipole moment for each unit cell and making Ŭ phase apolar. ɓ phase (Phase I) is 

the most polar phase in PVDF and the molecular configuration is all-trans. The dipole 

moments are aligned in the ɓ phase resulting in the strongest dipole moment per unit 

cell. The ɔ phase (phase III) and ŭ phase (phase IV) are less polar than the ɓ phase. 

They adopt T3GT3G
¯
 and TGTG

¯
 conformations, respectively. The transformations 

among the four conformations are depicted in Figure 1.12.[35]  It has been proved 

proved that at low defect concentration the TGTG conformation is the most stable 

phase while at high defect concentration the all-trans conformation is the most stable. 

The cross-over point was predicted to occur at a defect concentration of 

approximately 11%(Figure 1.13).[36] 
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Figure 1.10  Crystal structures of PVDF. [37] 

 

 

 

 

Figure 1.11  Molecular structures of PVDF. [37] 
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Figure 1.12 The interrelations between the four phases of PVDF. [35] 

 

Figure 1. 13  Potential energy of the all-trans and TGTG conformations vs. HHTT 

concentration. [36] 
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1.3    The Copolymers of PVDF 

         VDF can be easily polymerized by photochemical, free radical, thermal, and 

redox initiators. Tributylborane-oxygen and Ziegler-Natta system have also 

successfully initialized the polymerization of VDF.[38] Homopolymers of vinylidene 

fluoride (VDF) have proven to be advantageous in many areas including paints and 

coatings, high performance membranes, surfactants, fire fighting agents, 

loudspeakers, hydrophones and pyroelectric sensors.[39] with new applications in 

mind, copolymer of PVDF are currently being investigated. 

 

1.3.1   Random and Alternating Copolymers of VDF 

          Table 1.3 shows the reactivity ratios between VDF and various monomers, 

synthesized via free radical polymerization. As aforementioned, the addition of a 

small amount of comonomer during VDF polymerization generates defects, which 

favor a polar crystal phase. [40] The random copolymers of VDF and HFP 

(hexafluoro propene), TrFE (trifluoro ethylene) or TFE (tetrafluoro ethylene) are of 

particular interest due to their high ferroelectricity, relative to the PVDF 

homopolymer[40, 41]. Alternating copolymers of VDF have been synthesized with 

hexafluoroisobutylene (HFIB), Methyltrifluoroacrylate (MTFA) and Ŭ-

(trifuloromethyl) acrylic acid (TFMAA). [41]  
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1.3.2   Block Copolymers of VDF 

          The sensitivity of VDF to base hinders the application of common methods to 

synthesize block copolymers(e.g. anionic polymerization). Takemoto, et al.[42] 

prepared the block copolymer by Ŭ,ɤ-diidoperfluoroalkane (IRfI). The mechanism is 

displayed in Figure 1.14.  

 

Figure 1.14  The mechanism of iodine transfer polymerization. 

 

   

Table 1.3   Reactivity ratios of VDF with various monomers [39]  
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This reaction is called controlled (or pseudo-living) iodine transfer polymerization. 

The resulting diiodofluoroalkanes can be transformed into telechelic fluorinated 

polymers through various routes (Figure 1.16). The block copolymers composed of 

VDF and HFP which are deemed thermoplastic elastomers, and have been marketed 

by Daikin Company.  

Another route to synthesize block copolymers involves the synthesis of a 

telechelic precursor followed by atom transfer radical polymerization (ATRP). Figure 

1.15 shows two examples of the synthesis of telechelic polymers. 

 (a) 

        (b) 

Figure 1.15 The synthesis of telechelic precursors (a) Bromide-ending [43] (b) 

chlorine-ending [44].  

 

         Utilization of functionalized, telechelic, fluorinated polymers via 

condensation reactions [45] provide an alternative path to achieve well-defined block 

structures. However there are few reports of VDF block copolymers synthesized 

through condensation reactions. In our lab, we have developed a method to synthesize 

a series of functionalized P(VDF-co-CTFE) copolymers, which will be discussed in 

Chapter 2. Through condensation reactions, well-defined block structures are facilely 

prepared, which will be discussed in Chapter 4.                                                                                                                                        
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Figure 1.16 Ŭ, ɤ-diiodofluoroalkanes as precursors of fluorinated telechelics [39].
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1.3.3   Graft Copolymers of PVDF 

         Graft copolymers of VDF can be synthesized by either introducing functional 

monomers during polymerization or by post-treating the preformed polymer. Central 

Glass Company reported the synthesis of one elastomeric graft polymer.[46] 

    

Figure 1.17   The synthesis of P (VDF-co-CTFE)-g-PVDF. 

 

Ying et al. [47] synthesized PVDF-g-Poly (acrylic acid) by a reversible 

addition                                                                                                  fragmentation 

chain transfer (RAFT) reaction with an ozone-pretreated PVDF membrane. The 

polymer they obtained exhibits excellent morphology and drug permeability 

compared to polymers synthesized via conventional processes. 

 

Figure 1.18  The synthesis of PVDF-g-Poly (acrylic acid).  
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1.4   The Polymer Composites of PVDF and Copolymers 

        Polymer composites especially nanocomposites, are the most promising 

alternative to conventional ceramic materials and polymer materials. The advange of 

a polymeric composite is it blends the polymeric properties (e.g. mechanical 

flexibility, light weight, low cost and large strain) with the favorable electro-active 

properties of ceramics or other fillers to afford a viable alternative in piezoelectric 

and pyroelectric applications.[48] It is believed that the interfacial area plays a key 

role in the enhancement of not only the dielectric constant, but also the breakdown 

field and the electrostriction of polymer nanocomposites.[49-51]  The connectivity 

way of the phases in composites is another very important parameter. In a composite 

each phase may be spatially self-connected in one, two, or three dimensions. In a 

diphasic system, there are ten possible connectivities (0-3, 1-3 and 3-3). In this 

nomenclature, the first number represents the connectivity of the filler and second 

gives the connectivity of the matrix. 

One of the commonly used fillers is a ceramic with a high dielectric constant. 

Upon addition of Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) to irradiated P (VDF-

TrFE), dielectric constant as high as 250 was obtained. [52] Metal is another 

candidate as filler. Dang, et al. [53] mixed metal nickel particles with PVDF. The 

composite they obtained exhibits high dielectric constant; however the loss was also 

high (over 10% at the percolation threshold). Recently, the same group incorporated 

silver particles coated with organic dielectric materials (Ag@C) into the PVDF 

matrix. [54] The organic shell increased the compatibility between the polymer and 

filler and decreased the dielectric loss (~ 4%), without negatively affecting the 
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dielectric constant. Non-fluorinated polymers are also viable candidates to tune the 

properties of PVDF. Poly (methyl methacrylate) PMMA was incorporated into the 

PVDF to improve the modulus of the membrane. [55] Huang et al, [56] combined  

 

 

 

 

  

Figure 1.19 Dependence of the effective conductivity Ůeff, of the Ni volume fraction 

fNi, measure at room temperature and 100Hz. [53] 
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Figure 1.20 Frequency dependence of (a) K and (b) tan ŭ of the PVDF composite 

films containing Ag@C particles. 

 

conductive polyaniline particles with poly (vinylidene fluoride ï trifluoroethylene ï 

chlorotrifluoroethylene) terpolymer matrices. These samples exhibited high strain 

(1.5%) when subjected to a field of 9.5 MV (Figure 1.21). The dielectric constant (at 

1 k Hz) of a composite with 23% polyaniline rose to over 1000, while the loss was 

below 0.3 (Figure 1.22.). 
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Figure 1.21  Strain amplitude as a function of the field amplitude applied 

measured at room temperature for composites with 12.7% (circle) and 23% of c-

PANI (triangle). 

 

 

 

Figure 1.22  Dielectric constant and Loss as a function of frequency at room 

temperature for composites. [56]  
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1.4.   Statement of Goals 

Although PVDF homopolymers have already demonstrated their value, there 

is a great need for the development of new materials due to their potential in more 

advanced applications. Telechelic polymers are promising materials for the 

applications. The literature procedures to produce telechelic fluoropolymers are very 

sparse.
 
 As mentioned in section 1.3.2, diiodofluoroalkanes are one option. However 

most of the diiodofluoropolymers which can be easily manipulated are only telomers. 

Transformations of long chain or high molecular weight diiodofluoroalkanes into 

fluoroalkanes with other functional groups encounter problems such as limited 

reactant and unfavorable conversion rate. Therefore, the goal of this work is to 

explore and develop a direct method to synthesize new PVDF-based materials with 

well-defined reactive functional end groups and variable molecular weight, and 

explore the application of these novel telechelic copolymers. To this end, this work 

can be divided into the following categories: 

1. Synthesis of the telechelic fluoropolymers containing well-defined reactive 

functional end groups such as hydroxyl, carboxylic acid, phenol, 

chlorodiphenyl, amine and silane group. 

2. Utilization of the prepared functionalized fluoropolymers to produce different 

structures, including block copolymers, graftcopolymers, well-crosslinked 

structures, and nanocomposites with high thermal stability and uniform 

dispersion. 

3. In addition, the literature method for the preparation of oligomer aniline, which 

can dissolve in methanol and chloroform, was modified and an easier synthesis 
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route was devised. This type of oligomer aniline has been used to create novel 

functionalized fluoropolymer nanocomposites.  
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                                    Chapter 2 

Synthesis of Telechelic Fluoropolymers with Well-defined Functional Endgroups 

 

2.1  Introduction  

      Fluoropolymers, exhibit many interesting properties such as unique piezoelectric 

and pyroelectric properties, high thermal stability, and excellent chemical resistance.  

However, their low surface energy and loe coefficient of friction have limited their 

applications, particularly those in which surface adhesion and miscibility with other 

functional components are required. [1]  Thus, a number of synthetic methods haven 

been developed to enhance their compatiblity by incorporating functional groups into 

fluoropolymer chains. [2-5]  Telechelic structures in which functional groups are 

introduced at the polymer chain ends, are of great interest.  This chain-end 

functionalization approach would keep the main chain structures of fluoropolymers 

intact and thus largely preserve their distinct physical properties.  Telechelic 

structures have also been used as building blocks to construct complex 

macromolecular architectures and composites with predetermined compositions and 

structures.[6-9]  Unfortunately, literature procedures to produce telechelic 

fluoropolymers are very sparse.  As mentioned in Chapter 1, current synthetic 

methods do not allow for polymerization of VDF by living anionic/cationic 

polymerization [5] or pseudo-living radical polymerization [10,11], which are 

commonly adopted in chain-end functionalization of hydrocarbon polymers.  Many 
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studies utilize transfer agents in telomerization to generate low molecular mass 

fluorinated telomers with halogen endgroups. [5, 12, 13]  For example, iodine transfer 

polymerization has been developed to prepare iodine-terminated fluoropolymers. [14]  

The drawback of this method is that the terminal iodine groups cannot be transformed 

into other reactive functional groups facilely for diiodoperfluoropolymer with high 

molecule weight.  

 It has been suggested that the termination in radical polymerization of 

fluorinated alkenes proceeds predominately through the radical coupling reaction. 

[15] Hence, one would expect a fluoropolymer to possess functional groups at both 

termini when obtained from a polymerization reaction where the initiator carries the 

desirable functional groups.  Ameduri et al. examined the use of hydrogen peroxide 

as an initiator to prepare VDF/HFP (vinylidene fluoride/ hexafluoropropene) 

elastomers containing hydroxyl terminal groups. [16] However, the final product 

contains not only hydroxyl terminal groups but also a substantial amount of 

carboxylic acids, as well as unsaturated bonds from the side reactions. At 3M, Rice 

and Sandberg[17, 18] prepared low molecular weight VDF/HFP elastomers 

containing two ester terminal groups by using a diester peroxide initiator. The 

average functionality of the resulting telechelic VDF/HFP elastomer was not 

reported. 

Traditional methods to synthesize peroxides via the condensation of acid 

chloride and sodium peroxide have been successfully demonstrated. Nevertheless, the 

drawback which limits the application of this method is the difficulty in synthesizing 

the acid chloride compound. For instance, the reaction conditions are too harsh for 
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sensitive groups including carbamate group, to survive the process. In this chapter, as 

shown in the Experimental Section, a series of BPO based functional initiators were 

readily prepared through a modified method [19], the involving condensation reaction 

of benzoic acid, possessing different functional groups, with H2O2 in the presence of 

N, Nô-dicyclohexylcarbodiimide (DCC).  The conditions are sufficiently mild for 

sensitive functional groups and can be applied widely to the synthesis of peroxides 

with other functional groups. Initialized by these peroxide initiators, PVDF-based 

copolymers containing well-defined reactive functional end groups such as hydroxyl, 

carboxylic acid, chlorodiphenyl, amine and alkoxysilane have been synthesized. On 

this basis, some possible applications of the well-defined telechelic copolymers are 

demonstrated.  

 

2.2  Experimental  

2.2.1  Materials.  

Unless otherwise noted, all solvents and reagents were purchased from VWR 

and Aldrich and used as received.  Tetrahydrofuran (THF) was distilled from sodium 

benzophenone ketyl under nitrogen. Vinylidene fluoride and chlorotrifluoroethylene 

were purchased from SynQuest Laboratory Inc.. 

 

2.2.2   Characterization.  

1
H and 

19
F NMR spectra were recorded on a Bruker AM-300 spectrometer.  

The molecular weights of the polymers were characterized with a Viscotek gel 

permeation chromatography (GPC) system equipped with light scattering, refractive 
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index, UV/vis and viscometer detectors in a THF mobile phase.  The thermal 

transition data were obtained using a TA Instruments Q100 differential scanning 

calorimeter. 

 

2.2.3  Synthesis detail 

O O
O O

O OO O
O O

OHHO
(BOC)2O

OH
O

OO

O
H2O2   DCC
DCM/H2O

O

1, 4 dioxane  

Figure 2.1 Synthesis of 4-tert-butoxycarbonyloxy benzoyl peroxide. 

 

4-[(tert -Butoxylcarbonyl)oxy] benzoic acid:  NEt3 (0.52 ml 3.73 mmol) was added 

to a mixture of 4-hydroxyl benzoic acid (515.4 mg, 3.73mmol), acetonitrile (5 mL), 

distilled H2O (1 mL) and 4-dioxan (3 mL). After stirring for half an hour, di-t-butyl 

pyrocarbonate ((BOC)2O) (977.3mg, 4.47mmol) and dimethyl-amino pyridine (22.8 

mg, .18 mmol) were added to the flask. The reaction mixture was warmed up to room 

temperature automatically with stirring for 4 hours. Solvent was removed by rotary 

evaporation and  HCl solution (4 mL, 1N) was added to the residue. The precipitate 

was filtered and washed with distilled water to afford white solid (880mg, 99%): 
1
H 

NMR (400 M, DMSO-d6): ŭ13.03 (sb, 1H, COOH), 7.96 (d, 2H, ArH), 7.30 (d, 2H, 

ArH), 1.49 (s, 9H, C(CH3)) 

 

4-[(tert -Butoxylcarbonyl)oxy] benzoyl peroxide: To a mixture of DCC 

dichloromethane solution (19.4 mL, 1M), H2O2 aqueous solution (10 mL, 30%), 4-

tert-butoxycarbonyloxy-benzoic acid (4.57 g, 19.2 mmol) in dichloromethane (20 

mL) was added at -10 ̄ C. The reaction mixture was stirred at 0 °C for 6 hours and 
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monitored by TLC. The reaction mixture was filtered and the filter cake was washed 

with cold dichloromethane several times. The filtrates were combined and the solvent 

was evaporated. The residue was redissolved in cold dichloromethane and the above 

step was repeated twice to give a white solid (2.8 g, 60%): 
1
HNMR (CDCl3, ppm): 

8.12 (d, 2H, ArH), 7.33 (d, 2H, ArH), 1.58 (s, 9H, C(CH3)). 

 

O O
O O

NH
H
NO O

O O
OHH2N

(BOC)2O
OH

O
NHO

O
H2O2

DCM/H2O

O

1, 4 dioxane

DCC

 

Figure 2.2 Synthesis of 4-tert-butoxycarbonylamino benzoyl peroxide. 

 

4-[(tert -Butoxylcarbonyl)amino] benzoic acid:  NaOH (92.9 mg 2.3 mmol) was 

added to the mixture of 4-amino benzoic acid (226.4 mg, 1.65mmol), H2O (5 mL) and 

4-dioxane (3 mL). After stirring for half an hour, di-t-butyl pyrocarbonate (500mg, 

2.29mmol) was added to the flask. The reaction mixture was warmed up to room 

temperature automatically and stirred overnight. Solvent was removed by rotary 

evaporation and HCl solution (4 mL, 1N) was added to the residue. The precipitate 

was filtered and washed with distilled water to afford product as white solid (392mg, 

100%): 
1
HNMR (400 M, DMSO-d6): ŭ12.59 (sb, 1H, COOH), 9.73 (s, 1H, NH), 7.83 

(d, 2H, ArH), 7.55 (d, 2H, ArH), 1.49 (s, 9H, C(CH3)) 

 

4-[(tert -Butoxylcarbonyl)amino] benzoyl peroxide: To a mixture of DCC 

dichloromethane solution (5 mL, 1M) and H2O2 aqueous solution (5 mL, 30%), 4-

butoxycarbonylaminobenzoic acid (1.2 g, 5.1 mmol) in dichloromethane was slowly 

added at -10 C̄. The reaction mixture was stirred at 0 °C for 6 hours. The reaction 
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mixture was filtered and the filter cake was washed with cold THF several times. The 

filtrates were combined and the solvent was evaporated via vacuum. The residue was 

redissolved in THF and the above step was repeated twice to give a white solid (1.08 

g, 90%). 
1
HNMR (d4-THF, ppm): 8.97 (s, 1H, NH), 7.93 (d, 2H, ArH), 7.64 (d, 2H, 

ArH), 1.51 (s, 9H, C(CH3)). 

 

O O
O O

O O
O O

ClOC
pydine

O
O

O

O

tert-butanol

COCl

tert-butanol

KOH
OH

O
O

O

H2O2

DCM/H2O
DCC

 

Figure 2.3  Synthesis of tert-butyl ester benzoyl peroxide 

 

Terephthalic acid di-tert -butyl ester: Pyridine (24 mL, 0.3 mol) and tert-butyl 

alcohol (24 mL, 0.252 mol) were added to terephthaloyl chloride (25.6 g, 0.125 mol) 

in a 100 mL flask using an addition funnel. A large quantity of heat was generated 

and the reaction mixture became a solid cake in 30 minutes. After 12 hours, the 

reaction mixture was dissolved in Et2O and washed with aqueous sodium bicarbonate.  

The organic phase was separated and dried over MgSO4.  Removal of solvents and 

purification by recrystallization from ethanol gave product as a white powder(18.9 g, 

55%). 
1
H NMR (CDCl3, ppm): d 8.01 (m, 4H, ArH), 1.61 (S, 9H, C(CH3)). 

 

Terephthalic acid mono-tert-butyl ester: Terephthalic acid di-tert-butyl ester (10 g, 

36 mmol) in tert-butyl alcohol (13 mL) was added to a warm solution of potassium 

hydroxide (0.4 g, 7.2 mmol) in tert-butyl alcohol (13 mL),. The reaction mixture was 
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subsequently heated to 60 °C and stirred for 12 hours. After cooling to room 

temperature, the reaction mixture was extracted with chloroform (300 mL) and 

washed with 1 M HCl. The organic phase was dried over MgSO4 and concentrated in 

vacuo. Recrystallization from the mixture of hexanes and ethyl acetate (4:1) gave 

product as a white powder (6.2 g, 79%). 
1
H NMR (CDCl3, ppm): d 10.50 (s 1H, 

COOH), 8.17-8.06 (s, 4H, ArH), 1.61 (s, 9H, C (CH3)).  

 

Tert -butyl ester benzoyl peroxide: 4-(Tert-butoxycarbonyl)benzoic acid (2.22 g, 10 

mmol)  in dichloromethane (20 mL) solution was added dropwise to a mixture 

comprised of dicyclohexylcarbodiimide (2.06 g, 10 mmol) in dichloromethane (10 

mL)  and 32% H2O2 aqueous solution (4.5 mL),.  After stirring for 10 hrs, the mixture 

was filtered and the filter cake was washed with cold dichloromethane several times.  

The filtrates were combined and the solvent was evaporated.  The residue was re-

dissolved in cold dichloromethane and the above steps were repeated twice to afford 

pure product (2 g, 91%): 
1
H NMR (CDCl3, ppm): ŭ 8.07 (d, 2H, ArH), 7.53 (d, 2H, 

ArH), 1.37 (s, 9H, C(CH3)).  

 

O

COOH
NaBH4

OH

COOH

Cl

COOH

1. SOCl2/C6H6/reflux

Cl Cl

O

OO
O

2. 1N HCl

H2O2

DCM/H2O
DCC

 

Figure 2.4 Synthesis of 4-(chloro(phenyl)methyl)benzoic peroxide. 
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4-(hydroxyl(phenyl)methyl)benzoic acid: NaBH4 (0.0154g, 0.4 mmol) was charged 

into the solution of 4-benzoylebenzoic acid (0.037g, 0.16 mmol) in THF (6 mL). 

After stirring for 24 hours, HCl (1 mol/L) aqueous solution was used to quench the 

excess NaBH4. Ethyl acetate (30 mL) was used to dilute and extract the mixture. The 

organic phases were combined and concentrated to afford product as white solid 

(0.035g, 90%): 
1
H NMR (d6-DMSO, ppm): d  7.88 (d, 2H, ArH), 7.50 (d, 2H, ArH), 

7.38 (d, 2H, ArH), 7.32 (m, 2H, ArH), 7.21 (m, 1H, ArH), 6.04 (s, 1H, ArCHAr), 

5.76 (s, 1H, OH). 

 

4-(chloro(phenyl)methyl)benzoic acid: 4-(hydroxyl(phenyl)methyl)benzoic acid 

(0.289 g, 1 mmol) was charged into the mixture of SOCl2 (0.11 mL, 1.5 mmol) in 

benzene (20 mL). After refluxing for 8 h, the mixture was poured into HCl aqueous 

solution (1 mol/L, 20 mL) while stirring. Four hours later, the reaction mixture was 

extracted by chloroform (50 mL x 3) and washed with 1 M HCl. The organic phases 

were combined and dried over anhydrous MgSO4. Removing the solvent by rotavapor 

afforded the product as white solid (0. 28 g, 94%): 
1
H NMR (d6-DMSO, ppm): d  

12.5 (sb, 1H, -COOH), 7.84 (d, 2H, ArH), 7.49 (d, 2H, ArH), 7.38 (d, 2H, ArH), 7.32 

(m, 2H, ArH), 7.21 (m, 1H, ArH), 5.9(s, 1H, ArCHAr), 

 

4-(chloro(phenyl)methyl)benzoic peroxide: To a stirred mixture of DCC 

dichloromethane solution (2.0 mL 1M), H2O2 aqueous solution (0.7 mL, 30%) and 

Et2O (6mL), 4-(chloro-phenyl-methyl)benzoic acid (492 mg, 2 mmol) in 

THF/dichloromethane (15 mL, 1:3) was added at 0 ̄ C. After 6 hours, the precipitate 
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was removed via filtration. The solid was washed with cold dichloromethane and the 

organic phases were combined and evaporated. The residue was redissolved in cold 

dichloromethane. The above step was repeated 3 times to afford the product as a 

white solid (300 mg, 60%). 
1
H NMR (CDCl3, ppm): d  8.15 (d, 2H, ArH), 7.75 (d, 

2H, ArH), 7.35-7.51 (m, 5H, ArH), 6.70 (s, 1H, ArCHAr). 

 

COOH
Cl

Cl
O

OO
O

Cl
H2O2

DCM/H2O
DCC

 

Figure 2.5 Synthesis of 4-(chloromethyl) benzoic peroxide. 

 

4-(Chloromethyl)benzoic peroxide: To a mixture of DCC dichloromethane solution 

(23.5 mL, 1M) and  H2O2 aqueous solution (14 mL, 30%),  a solution of 4-

chloromethyl-benzoic acid (4.0 g, 23.5 mmol) in anhydrous dichloromethane (20 mL)  

was added dropwise After 10 hours,  the precipitate was removed via filtration. The 

solid was washed with cold dichloromethane (20 mL) and the organic phases were 

combined and evaporated. The residue was redissolved in cold dichloromethane. The 

above step was repeated 3 times to afford the product as a white solid (300 mg, 60%). 

(1.8 g, 45%). 
1
H NMR (CDCl3, ppm): d  8.20 (d, 2H, ArH), 7.55 (d, 2H, ArH), 4.66 

(s, 2H, CH2Cl). 
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Figure 2.6 Sythesis of [(tetrahydropyran-2-yloxy)methyl] benzoic peroxide. 

 

 (Tetrahydropyran -2-yloxy) methyl] benzoic acid.  Dihydropyran (2.0 g, 24.0 

mmol) and pyridinium p-toluenesulfonate (0.40 g, 1.6 mmol) was added to a stirred 

solution of methyl 4-(hydroxymethyl) benzoate (2.66 g, 16 mmol) in anhydrous 

dichloromethane (120 mL) was added. After 24 hours, the reaction mixture was 

concentrated. Purification by column chromatography (SiO2, 1:6 ethyl acetate: 

hexanes) gave methyl 4-[(tetrahydropyran-2-yloxy) methyl] benzoate (3.8 g, 96%) as 

a colorless oil. 
1
HNMR (CDCl3, ppm):  d 8.02 (d, 2 H, ArH), 7.38 (d, 2 H, ArH), 4.80 

(d, 1 H,), 4.7-4.6 (m, 1 H), 4.53 (d, 1H), 4.0-3.7 (m, 1 H), 3.89 (s, 3 H), 3.65-3.35 (m, 

1 H), 2.0-1.4 (m, 6 H). Saponification of resulting benzoate (2.5 g, 10.0 mmol) was 

carried out with potassium hydroxide (1.1 g, 20 mmol) in aqueous methanol (80 mL, 

1:3 water: methanol). After stirring at 60 ̄C for 4 hours, the mixture was condensed 

to remove the methanol. The residue was cooled by ice bath and neutralized with 1M 

HCl aqueous solution. Finally recrystallization from diethyl ether gave the product as 

a white solid (1.8 g, 80%). 
1
H NMR (d6-DMSO, ppm): d12.9 (sb, 1H, -COOH),  

d7.95 (d, 2H, ArH), 7.48 (d, 2 H, ArH), 4.78 (d, 1 H), 4.72 (s, 1H), 4.56 (d, 1 H), 3.7 

(m, 1 H), 3.4 (m, 1 H), 2.0-1.4 (m, 6 H).  
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4-[(Tetrahydropyran -2-yloxy) methyl] benzoic peroxide: [(Tetrahydropyran-2-

yloxy) methyl] benzoic acid (470 mg, 2 mmol) in dichloromethane (8 mL) was added 

to a mixture of DCC dichloromethane solution (2.1 mL, 1M) and H2O2 aqueous 

solution (1.3 mL, 30%) at -10 ̄ C. The reaction mixture was stirred below  0 ̄C for 12 

hours. The precipitate was removed via filtration and washed with cold 

dichloromethane (20 mL). The organic phases were combined and evaporated and the 

residue was redissolved in cold dichloromethane. The above step was repeated 3 

times to afford the product as a white solid (300mg, 70%). 
1
H NMR (CD3OD, ppm): 

d 8.06 (d, 2H, ArH), 7.53 (d, 2 H, ArH), 4.88 (d, 1 H), 4.76 (s, 1H), 4.62 (d, 1 H), 

3.92 (m, 1 H), 3.60 (m, 1 H), 1.92-1.57 (m, 6 H). 
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            Figure 2.7 Synthesis of 4-(triethoxysilyl) benzoic peroxide. 

 

Tert -butyl 4-bromobenzoate: potassium tert-butanol (2 g, 18 mmol) in dry ethyl 

ether (20 mL) was added dropwise into the solution of 4-bromobenzoyl chloride (1.6 

g, 7 mmol) in dry ethyl ether (20 mL) under ice-bath. After stirring for 2 hours, the 

reaction was diluted with CH2Cl2, extracted with water, dried over anhydrous NaSO4 

and concentrated via vacuum. The produce was obtained by vacuum distillation as 
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colorless liquid (1.8 g, 100%): 
1
H NMR (CDCl3, ppm): d 7.82 (d, 2H, ArH), 7.56 (d, 

2 H, ArH), 1.6(s, 9 H, -C (CH3)3). 

 

Tert-butyl 4-(triethoxysilyl)benzoate: Tert-butyl 4-bromobenzoate (10.8841 g, 40 

mmol) and triethoxylsilane (13 mL, 80 mmol) were added to a mixture comprised of 

rhodium complex (Bis(acetonitrile) (1,5-cyclooctadiene) rhodium) (0.485 g, 1.2 

mmol) , dry N(Et)3 (17 mL, 0.12 mol), tetra-n-butylammonium iodide (15.7567 g, 40 

mmol) and anhydrous DMF ( 50 mL). After stirring for 10 hours, the solvent was 

removed via vacuum and the residue was diluted with hexanes. The mixture was 

filtered and the solid was washed with hexanes several times. The filtrates were 

combined and concentrated via vacuum. The residue was further purified by vacuum 

distillation to afford product as colorless liquid (13.5g, 90%):  
1
H NMR (CDCl3, 

ppm): d 7.94 (d, 2H, ArH), 7.6(d, 2 H, ArH), 3.85 (q, 6H, CH2CH3), 1.6(s, 9 H, -

C(CH3)3), 1.27 (t, 9 H , CH2CH3). 

 

4-(Triethoxysilyl) benzoic acid:  Iodotrimethylsilane (0.73 mL, 5 mmol) was added 

to a solution of tert-butyl 4-(triethoxysilyl)benzoate (1.8 g, 5 mmol) in anhydrous 

dichloromethane (20 mL) in an ice-bath. The mixture was stirred for 4 hours at -5 ̄ C. 

Afterwards, vacuum distillation was applied to the mixture to afford the product as 

light yellow oil (1.21 g, 84%): 
1
H NMR (d6-DMSO, ppm): d 13.2 (s, 1H, COOH), 

7.94 (d, 2 H, ArH), 7.67 (d, 2 H, ArH), 3.77 (q, 6H, CH2CH3), 1.27 (t, 9 H , 

CH2CH3). 
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4-(Triethoxysilyl)benzoyl peroxide: 4-(Triethoxysilyl)benzoic acid (1.2 g, 4 mmol) 

in dichloromethane (8 mL) was added to a mixture of DCC dichloromethane solution 

(0.9704 g, 4 mmol) and H2O2 aqueous solution (0.5 mL, 30%), at -10 C̄. The 

reaction mixture was stirred below 0 C̄ for 12 hours. The precipitate was removed 

via filtration and washed with cold dichloromethane (20 mL). The organic phases 

were combined and evaporated and the residue was redissolved in cold 

dichloromethane. The above step was repeated 3 times to afford the product as a 

white solid. 
1
H NMR (CDCl3, ppm): 

1
H NMR (CDCl3, ppm): d 7.87 (d, 2H, ArH), 

7.83(d, 2 H, ArH), 3.85 (q, 6H, CH2CH3), 1.27 (t, 9 H , CH2CH3). 

 

General procedure for  the polymerization with functionalized peroxides. 

Gaseous fluorinated monomers were transferred and condensed through 

dual-manifold Schlenk line and added to the mixture of functional benzoyl peroxide 

initiator and acetonitrile in a Parr reactor equipped with magnetic stirring bar,. After 

stirring at 80 - 90 
o
C for 4-6 hrs, heating was discontinued and the residue gas was 

discharged. The mixture was condensed and the residue was washed by chloroform to 

afford colorless product.  

 

2.3      Result and Discussion. 

2.3.1   Structure Characterization of Functional Peroxide 
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Figure 2.8 
1
H NMR spectrum of 4-[(tert-Butoxylcarbonyl)oxy] benzoyl peroxide. 

 

 

Figure 2.9  
1
H NMR spectrum of 4-[(tert-Butoxylcarbonyl)amino] benzoyl peroxide 
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Figure 2.10    
1
H NMR spectrum of tert-butyl ester benzoyl peroxide. 

 

 

Figure 2.11 
1
H NMR spectrum of 4-[(Tetrahydropyran-2-yloxy) methyl] benzoic 

peroxide. 
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Figure 2.12  
1
H NMR spectrum 4-(triethoxysilyl)benzoyl peroxide. 

 

Figure 2.8-2.12 show the proton NMR spectra of functionalized BPOs with 

protected phenyl, protected amine, tert-butyl ester, protected hydroxyl and 

alkoxysilane groups, respectively. The high purity (>99%) were confirmed by proton 

NMR spectra. Table 2.1 gives the raw data for the rate constants and the half lives of 

functional peroxides measured by another group memeber. [20] The peroxide with 

the amino terminated group gives the shortest half life time and fastest decomposing 

rate. This is consistent with results from literature [21] in that the higher the electron 

density of the O-O single bond in benzoyl peroxides, the less stables the peroxide. 
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Table 2.1  The rate constants and half lives of the functional peroxides. 

 

Peroxides Rate 

constant (kd) @ 

90 
0
C 
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0
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2.3.2 Characterization of the Telechelic P(VDF-co-CTFE) Copolymers with 

Functionalized Groups 

The prepared functional BPOs are capable of initiating the homo-

polymerization of vinylidene fluoride (VDF) as well as co- and ter-polymerization of 

VDF with hexafluoropropene (HFP), chlorotrifluoroethylene (CTFE) and 

trifluoroethylene (TrFE).  As exemplified in Figure 2.12, the 
1
H NMR spectrum of 

the copolymer P(VDF-co-CTFE) prepared using tert-butyl ester benzoyl peroxide 

clearly shows the signals at 1.58 and 8.10 ppm corresponding to the protons from 

tert-butyl and phenyl groups, respectively.  Removal of the protecting tert-butyl 

groups in the copolymer using iodotrimethylsilane yielded the fluoropolymers with 

carboxylic acid end groups, evidenced by the complete disappearance of the peaks 

attributed to tert-butyl protons at 1.58 ppm. The presence of new resonance due to the 

carboxyl acid group (12.5 ppm) and coalescence of the resonance of the phenyl group 

(8.1 ppm) to one single peak from two doublets in Figure 2.13 also confirm the 

presence of carboxylic acid ending groups. A small triplet centered at 6.3 ppm is also 

observed.  These peaks are associated with ïCF2H group resulting from a short chain-

branching process, which involves an intramolecular 1-5 hydrogen shift analogous to 

similar radical reactions reported in low-density polyethylene. [22] The presence of a 

triplet centered at 4.7 ppm is assigned to the extreme methylene group that is linked 

with the ester group from the initiator.  End-group analysis based on the 
1
H and 

19
F 

NMR spectra revealed a number-average molecular weight (Mn) of 50344 g/mol for 

the P(VDF-co-CTFE), while triple-detection gel permeation chromatography (GPC) 

measurements in DMF gave a Mn of 48000 g/mol. The average degree of 
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functionality
 
[23] was thus calculated as approximately 1.9, near the expected 

theoretical value of two.  Remarkably, the 
1
H and 

19
F NMR spectra do not show any 

resonances of unsaturated bonds resulting from disproportionation reactions at 5.5 ï 

6.5 and -120 ï -130 ppm, respectively.  Therefore, growing radicals are only 

consumed by recombination or termination with primary radicals, which is 

corroborated by Mw/Mn values of 1.5 ï 1.6, revealed in the GPC measurements.  This 

is in direct contrast to free radical polymerization of hydrocarbon alkenes, in which 

termination often occurs by a combination of coupling and disproportionation. The 

achieved high efficiency in the carboxylic acid-terminated P(VDF-co-CTFE) proves 

the principle of the design, which may also be a consequence of the very high rate of 

incorporation of the primary radical into the polymers.[24]   

 Figure 2.14 gives the example of the copolymer with amino terminal groups. 

The proton resonances at 1.6, 7.8-8.2 and 10 ppm correspond to the proton on the 

tert-butyl group, the phenyl ring and the amide group, respectively. After 

deprotection, the tert-butyl group was removed and the amide group was converted to 

an amine group, which is confirmed by the disappearance of the proton resonance at 

1.6 and 10 ppm and the appearance of a new resonance at 6.2 ppm (Figure 2.15). At 

the same time the resonance of the protons on the phenyl ring, which is closer to the 

amine group shifted from 7.6 to 6.5 ppm due to the stronger electron-donating effect 

of the amine group. 

 Figures 2.16 and Figure 2.17 depict the proton NMR spectra of the 

telechelic copolymer with methylene hydroxyl groups, before and after deprotection, 

respectively. When comparing the two figures, the disappearance of resonance of the 
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protective group tetrahydropyran at 3.8 and 1.5 ppm confirms the success of the 

reaction. 

The proton NMR spectrum of the telechelic copolymer with theethoxylsilane 

groups is shown in Figure 2.18. The presence of the chemical shift of the ethoxyl 

group at 1.3 and 3.8 ppm and the ratio of the intensity to that of the phenyl group (1.5 

for methylene group and 2.25 for methyl group) proves the functional groups are 

intact after polymerization. 

 

Figure 2.13 
1
H NMR spectrum of P (VDF-co-CTFE) with tert-butyl ester as terminal 

groups. 
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Figure 2.14  
1
H NMR spectrum of P(VDF-co-CTFE) with carboxylic acid as 

terminal groups.                
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H2O

DMSO

Figure 

2.15 
1
H NMR spectrum of P(VDF-co-CTFE) containing amino end groups. 

 

Figure 2.16 
1
H NMR spectrum of P(VDF-co-CTFE) containing amine end groups. 
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Figure 2.17       
1
H NMR spectrum of P(VDF-co-CTFE) containing                            

4-(Tetrahydropyran-2-yloxy) methyl end groups. 
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Figure 2.18 
1
H NMR spectrum of P(VDF-co-CTFE) containing  hydroxymethyl 

ending groups. 
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Figure 2.19 
1
H NMR spectrum of P(VDF-co-CTFE) containing silyl ending groups. 

 

Figure 2.20 Typical 
19

F NMR spectrum of P(VDF-co-CTFE) with functionalized 

groups. 
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All of  
1
H NMR spectra display the characteristic multiplet centered at 2.9 

ppm assigned to the methylene groups of ïCF2CH2-CF2CH2-CF2CH2- resulting from 

the normal head-to-tail (H-T) VDF addition, which agrees with the signal at -93.0 

ppm in the 
19

F NMR spectra (Figure 2.19) attributed to the difluoromethylene groups 

in ïCH2CF2-CH2CF2-CH2CF2-.  Additionally, the 
19

F NMR spectra exhibited the 

expected multiplets centered at -95.2, -108.83, and -114.2 ppm, corresponding to the 

head-to-head (H-H) VDF sequence in the polymer chain. The composition of the 

resulting fluoropolymer can be calculated according to the 
19

F NMR spectra.[25] The 

mole fraction of H-T sequences assessed from the integrals of the characteristic peaks 

is typically around 95%, as observed in commercially available PVDF.  

 

2.3.3   Applications of the Telechelic P(VDF-co-CTFE) Copolymers 

 The utilization of the terminal functional groups in the telechelic 

fluoropolymers was  carried out in our lab. 

 

2.3.3.1  Cross-linked Networks by Functional Telechelic 

      Amine-terminated P (VDF-co-CTFE) was used to form cross linked a network 

using both thermal (by trimesic acid (1-2 wt%) at 180 
0
C for about 6 hours)  or 

chemical (by acid trichloride at room temperature) procedure. Spectroscopic evidence 

for the cross-linking reaction was obtained using infrared spectroscopy where a new 

amide II peak (N-H mixed mode) appears at 1630 cm
-1

 at the expense of a 

dramatically attenuated absorbance at 1726 cm
-1

 attibuted to the carbonyl groups in 
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the acids (Figure 2.20).  Further evidence for the cross-linking reaction was provided 

through thermal analysis as shown in Figure 2.21.  In addition to a broader melting 

transition, the crystallization temperature was found to decrease by nearly 11 
0
C 

relative to its telechelic form.  These results indicate that the formation of cross-

linking structures inhibits the recrystallization and leads to a reduction in crystal 

sizes, which is in accord with those reported in the electron-irradiated PVDF 

films[26] 

Thin films of nanocomposites formed by casting amine-terminated P (VDF-

co-CTFE) copolymers and carboxylic acid-coated TiO2 (20 wt %) demonstrated the 

superior thermal stability compared to the pure copolymer. [20] 

The utilization of the copolymer with other functional groups e.g. hydroxyl 

and silyl groups to form a cross linked network is currently under investigation. 
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Figure 2.21 FTIR spectra in the region from 1450 to 1750 cm
-1

 of the cast films of 

amine-terminated P(VDF-co-CTFE) and 1 wt% trimesic acid (a) before and (b) after 

heating. 
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Figure 2.22 DSC of the amine-terminated P (VDF-co-CTFE) copolymer film (a) 

before and (b) after cross-linking.   

 

2.3.3.2   Block Copolymer via ATRP Reaction by Telechelic Copolymers. 

   Bblock copolymers composed of PVDF block and either polystyrene or poly 

(methyl methacryate) blocks were synthesized from the telechelic copolymer with 

chloro (phenyl) methyl or chloromethyl terminal groups via ATRP polymerization. 

The structure is confirmed by proton NMR spectra (Figures 2.22 and 2.23) and by 

GPC (Figure 2.24). Due to the nature of the block copolymer, highly ordered 

microstructures can be formed by microphase separation. This highly ordered 

structure will be very useful to form efficient ion transportation channels [27]. 
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Figure 2.23   
1
H-NMR spectrum of triblock copolymer PS-b-PVDF-b-PS. 
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Figure 2.24 
1
H-NMR spectrum of triblock copolymer PDMAEMA-b-PVDF-b-

PDMAEMA. 

 

 

Figure 2.25 GPC profiles of the phenylmethyl chloride-terminated P (VDF-HFP) and 

the triblock copolymer PS-b-P (VDF-HFP)-b-PS.  
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2.3.3.3  Block Copolymers via Condensation Reaction with Telechelic Copolymer 

    A block copolymer structure through the condensation reaction between 

polyaniline and an acid terminal telechelic copolymer has been successfully 

synthesized. The synthesis details, characterization of the resulting structure and the 

properties will be discussed in Chapter 4. 

 

2.4.       Conclusion 

In this chapter the synthesis of a family of functionalized free radical 

initiators and telechelic fluoropolymers containing well-defined functional terminal 

groups has been discussed. A new methodology has been devised which uses 

functionalized initiator to obtain well-defined fluoropolymers. Unlike a growing alkyl 

radical chain, the perfluoroalkyl radical chain is not subject to disproportionation.  

Consequently, this functional initiator approach leads to high a fidelity of functional 

groups presenting at the fluoropolymer chain ends.  The utility of the telechelic 

copolymers has been demonstrated by forming cross-linked fluoropolymer networks 

and by synthesizing  well-defined block copolymers. 
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Chapter 3 

Synthesis of Soluble Amine/phenyl Capped Oligomer Aniline 

 

3.1    Introduction  

       Conducting polymers have been of great interest to scientists as  possible 

substitutes for metallic conductors or semiconductors ever since the super 

conductivity of polyacetylene [(CH)x] doped by iodine was discovered by Shirakawa 

et al..[1] Specifically polyaniline has received special attention due to its unique 

properties including environmental stability, chemical versatility, high degree of 

processability and its numerous intrinsic redox states. However, polyanilineôs poor 

solubility hinders the precise structure characterization and limits applications of 

conducting polymer. Several approaches have been adopted to modify the solubility 

of the conducting polymer. Bryce et al.[2] modified the structure of polythiophen by 

substitution of the thiophene ringôs 3 position with an alkyl group. Macinnes and 

Fund substituted the ortho position of anilineôs phenyl ring [3]. The solubility of the 

polymers has been improved, but, it is suspected that the attached alkyl or alkoxy 

groups may introduce torsion to the structure and destroy the ˊ-conjugation system. 

[4] Another alternative to avoid the polyanilineôs low solubility is to use oligomeric 

aniline. Epstein and co-workers [5] found that only a small fraction of charge carriers 

in polyaniline contribute to the observed conductivity (~100 S/cm). If all of the 

charge carriers participated in the conduction, polyaniline should have conductivity 

similar to that of copper. They hypothesized that the defects in polyaniline structure 
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synthesized through chemical oxidization or electrochemical oxidization may be the 

cause of low conductivity. Oligomers appear to be a feasible solution to this problem 

due to their monodispersity and well-defined structure. Furthermore, it has been 

proven that octamer aniline possesses the same order of magnitude of conductivity as 

polyaniline. [6] The early techniques to synthesize well-defined oligomer aniline 

were mostly limited to trimers, tetramers or pentamers by chemical oxidation. [7] 

These limitations were eradicated when Sadighi et al. developed a palladium-

catalyzed step-growing method to synthesize oligomeric aniline. [8] This method has 

attracted much interest because it can produce oligomeric aniline with varying repeat 

units and different functional groups. It opened a new avenue to synthesize block or 

graft copolymers containing oligomer aniline. [9] 

       In this chapter, a family of amine/phenyl capped oligomer anilines were 

synthesized through a modified palladium-catalyzed method. The structure of the 

oligomer aniline was characterized by proton NMR, FTIR, Uv-Vis and Mass 

spectroscopy. Phenyl/amine end-capped oligomer aniline is most interesting because 

it can be incorporated in the backbone of other polymers through condensation or 

addition reactions.  

 

3.2    Experimental  

3.2.1  Materials.  

Unless otherwise noted, all solvents and reagents were purchased from VWR 

and Aldrich and used as received. Tetrahydrofuran (THF) was distilled from sodium 

benzophenone under nitrogen.  
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Figure 3.2  Synthesis route of oligomer aniline. 

 

3.2.2  Characterization.    

1
H NMR spectra were recorded on a Bruker AM-300 spectrometer. The 

UV/vis spectra were recorded on a Varian Cary 100 scan Uv-visible 

spectrophotometer.  Infrared spectra were recorded on a Varian Digilab FTS-800 

Fourier Transform Infrared Spectrometer (FTIR).  Mass spectra were recorded on 

a KRATOS mass spectrometer (MS 9/50) by TOF ES (+) or TOF APCI (+) 

method. 

 

3.2.3  Synthesis Details.  

Synthesis of Compound 2: A solution of FeCl3
.
6H2O (14.441 g, 0.053 

mol) in HCl (0.1 M, 250 mL) was added to the solution of 4-amino-diphenylamine 

1 (9.225 g, 0.05 mol) in HCl (0.1M, 250 mL) aqueous solution. After stirring for 
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14 hours, the mixture was filtered by vacuum filtration. The green salts were 

washed by HCl (0.1 M, 500 mL x 5) aqueous solution and neutralized by 

NH3
.
H2O to afford brown solid (6.93 g, 75%).  The brown solid (4.58 g, 0.0125 

mol) was dispersed into the mixture of NH2NH2
.
H2O (40 mL) and ethanol (20 

mL).  After stirring for 24 hrs, the mixture was filtered and the solid was washed 

by distilled water to afford tetramer amine 2 as grey powder (4.15 g, 90%).  
1
H 

NMR (400 MHz, d-DMSO): ŭ 7.68 (s, 1H, NH), 7.44 (s, 1H, NH), 7.16 (s, 1H, 

NH) 7.15-6.50 (m, 18H, ArH), 4.63 (sb, 2 H, -NH2). MS: m/z 367.2 (MH
+
). 

 

Compound 3: Tetramer amine 2 (2.86 g, 7.8 mmol), benzophenone (7.8 

mmol) and freshly activated 5 Å molecular sieve (10 g) were added into toluene 

(80 mL).  The mixture was heated up to 135 
o
C.  After stirring for 24 hrs, the 

mixture was filtered and the solid was washed by dichloromethane (30 mL) 5 

times.  The organic phases were combined and concentrated by rotavapor to afford 

light green crystal (1.92g, 46%).  The light green crystal (1.92 g, 3.6 mmol), 

dimethylamine pyridine (0.051 g, 0.4 mmol) and di-tert-butyl dicarbonate 

((BOC)2O) (3.25 g, 15 mmol) were dissolved in THF (50 mL).  After stirring at 70 

o
C for 24 hrs, the solvent was removed by vacuum distillation and the residue was 

washed by cold hexanes and H2O to afford tetramer imine 3 as yellow crystal 

(2.86 g, 95%).  
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Compound 4: To the solution of Tetramer imine 3 (2.7556g, 3.3 mmol) in 

THF (30 mL) and MeOH (45 mL), NH4CO2 (3.23 g, 52 mmol) and Pd/C (10% on 

carbon, 0.0319 g) was added.  The mixture was stirred at 70 
o
C.  Small portions of 

NH4CO2 were added intermittently until the analysis of TLC plate showed the 

completion of the reaction.  The reaction mixture was cooled down to room 

temperature, taken up in dichloromethane (20 mL), filtered and the solid was 

washed by dichloromethane (40 mL x 3).  The filtrate was concentrated and 

washed by cold hexane to afford product as white powder (1.93 g, 90%). 
1
H NMR 

(400 MHz, d-DMSO): ŭ 7.34(t, 2H), 7.28-7.09 (m, 11H), 6.85 (d, 2H, m-H of 

C6H4NH2), 6.50 (d, 2H, o-H of C6H4NH2), 5.23 (s b, 2H, -NH2), 1.36-1.35 (t, 27H, 

-COO(CH3)3), MS: m/z 689.2 (M + Na
+
). 

 

Compound 5: Freshly activated molecular sieve (40 g) was added to a 

solution of 4-amino-diphenylamine 1 (3.67 g, 0.02 mol) and benzophenone (3.65 

g, 0.022 mol) in anhydrous toluene (100 mL) were a.  The mixture was heated to 

135 
o
C.  After stirring for 24 hours, the mixture was filtered and the solid was 

washed with dichloromethane (30 mL x 5). The organic phases were combined 

and concentrated by rotavapor to afford light yellow crystal (6.23 g, 87%).  The 

yellow crystal (3.46 g, 10 mmol) and Bu4N
+
Br3

-
 (4.84 g, 0.011 mol) were 

dissolved in dichloromethane (20 mL).  The mixture was stirred at room 

temperature for 40 minutes. before saturated Na2SO3 aqueous solution (10 mL) 

was added. After 5 min., excess KOH aqueous solution (1M) was added.  The 
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mixture was partitioned in separation funnel.  The organic layer was washed by 

brine solution (20 mL).  The aqueous phase was washed by dichloromethane (20 

mL x 3).  The organic phases were combined, dried over anhydrous NaSO4, and 

concentrated under vacuum to afford white powder (3.81 g, 90%). The white 

powder (3.7 g, 8.6 mmol), dimethylamine pyridine (0.105 g, 0.9 mmol) and 

(BOC)2O (3.78 g, 17 mmol) were dissolved in THF (50 mL).  After stirring at 70 

o
C for 24 hours, the solvent was removed by vacuum distillation and the residue 

was washed by cold hexane and water to afford dimer 5 as white powder (4.12 g, 

90%). 
1
H NMR (300 MHz, d-DMSO): ŭ 7.67 (d, 2H, o-H of C6H4Br), 7.49-7.15 

(m, 10H, C6H5), 7.06 (d, 2H, m-H of C6H4Br), 6.97 (d, 2H, m-H of 

C6H4NC(C6H5)2), 6.67 (d, 2H, o-H of C6H4NC(C6H5)2), 1.31 (s, 9H, -

COO(CH3)3), MS: m/z 527.0 (M + H
+
). 

 

Compound 7: Tetramer amine 4 (0.79 g, 1.19 mmol), bromided dimer 5 

(0.63 g, 1.19 mmol), Pd2(dba)3 (0.045 g, 0.049 mmol), s-BINAP (0.079 g, 0.13 

mmol) and NaOt-Bu (0.6 g, 6.25 mmol) were dissolved in anhydrous toluene (30 

mL).  After stirring at 90 
o
C for 24 hrs, the mixture was cooled down to room 

temperature, taken up in dichloromethane and concentrated.  The residue was 

washed by hexane and H2O to afford grey powder (1.42 g, 98 %). The grey 

powder (1.42 g, 1.27 mmol), dimethylamine pyridine (0.031 g, 0.25 mmol) and 

(BOC)2O (0.829 g, 3.8 mmol) were dissolved in THF (40 mL).  After stirring at 

60 
o
C for 24 hrs, the solvent was removed by vacuum distillation and the residue 



68 

 68 

was washed by cold hexane and H2O to afford grey powder.  The grey powder 

was purified by column chromagraphy over silicon gel using hexanes/ethyl acetate 

(4/1 vol.) as the eluent to give white powder (1.1 g, 75%).  NH4CO2 (1.67 g, 27 

mmol) and Pd(OH)2/C (0.25 g) were added to the solution of white powder (0.92 

g, 0.76 mmol) in THF (10 mL) and MeOH (15 mL).  The mixture was stirred at 

60 
o
C.  Small portions of NH4CO2 were added intermittently until the analysis of 

TLC plate showed the completion of the reaction.  The reaction mixture was 

cooled down to room temperature, taken up in dichloromethane (20 mL), filtered 

and the solid was washed by dichloromethane (40 mL x 3).  The filtrate was 

concentrated and the residue was recrystalized from water/i-PrOH to afford 

hexamer amine 6 as pink powder (0.73 g, 90%). 
1
H NMR (300 MHz, d-DMSO): ŭ 

7.37 (t, 2H), 7.35-7.15 (m, 19H), 6.88 (d, 2H, o-H of C6H4NH2), 6.53 (d, 2H, m-H 

of C6H4NH2), 5.19 (s b, 2H, -NH2), 1.36 (s, 45H, -COO(CH3)3). 

 

Octamer 8: Hexamer amine 7 (0.16 g, 0.015 mmol), bromided dimer 5 

(0.077 g, 0.015 mmol), Pd2(dba)3 (5.9 mg, 0.006 mmol), s-BINAP (9.7 mg, 0.016 

mmol) and NaOt-Bu (0.069 g, 0.722 mmol) were dissolved in anhydrous toluene 

(6 mL). After stirring at 95 
o
C for 24 hrs, the mixture was cooled down to room 

temperature, taken up in dichloromethane and concentrated.  The residue was 

washed by hexane and H2O to afford white solid (0.218 g, 98 %). The white solid 

(0.218 g, 0.015 mmol), dimethylamine pyridine (0.005 g, 0.044 mmol) and 

(BOC)2O (0.127 g, 0.58 mmol) were dissolved in 20 mL of THF.  After stirring at 
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65 
o
C for 24 hrs, the solvent was removed by vacuum distillation and the residue 

was washed by H2O to afford white solid.  The white solid was purified by 

column chromagraphy over silicon gel using hexanes/ethyl acetate (3/1 vol) as the 

eluent to give white powder (0.135 g, 58%).  NH4CO2 (0.798 g, 13 mmol) and 

Pd(OH)2/C (0.22 g) were added to the solution of white powder (0.5 g, 0.3 mmol) 

in THF (10 mL) and MeOH (15 mL).  The mixture was stirred at 60 
o
C.  Small 

portions of NH4CO2 were added intermittently until the analysis of TLC plate 

showed the completion of the reaction.  The reaction mixture was cooled down to 

room temperature, taken up in dichloromethane (20 mL), filtered and the solid 

was washed by dichloromethane (40 mL x 3).  The filtrate was concentrated and 

the residue was recrystalized from water/i-PrOH to afford octamer amine 8 as 

pink powder (0.4 g, 90%). 
1
H NMR (300 MHz, d-DMSO): ŭ 7.34 (t, 2H), 7.27-

7.13 (m, 27H), 6.88 (d, 2H, o-H of C6H4NH2), 6.53 (d, 2H, m-H of C6H4NH2), 

5.19 (s b, 2H, -NH2), 1.36 (s, 63H, -COO(CH3)3). 

 

Deprotection of octamer amine 8: Iodotrimethyl silane was added to the 

solution of compound 8 in anhydrous dichloromethane under argon. After stirring 

for 2 hours, degassed methanol and N(Et)3 were added to quench the reaction. The 

mixture was condensed and precipitated out in water. Drying in a vacuum oven at 

55 
o
C  for 24 hours afforded product as blue solid.  
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3.3    Results and discussion. 

Palladium-catalyzed aromatic amination has been proven to be a powerful 

method for formation of C-N bonds. The general route to synthesize phenyl/amine 

oligomers with repeat units varying from 3 to 10 is shown in Figure 3.1. Figure 

3.2 details the synthesis detail of oligomeric aniline. To synthesize oligomeric 

aniline, Sadighi, et al. had to start from aniline monomer. [8] Inspired by the one-

pot synthesis reaction of tetramer aniline discovered by Zhang et al. [7b], we start 

from the aniline dimer: 4-amino-diphenylamine. The dimer can be easily oxidized 

to a tetramer in emeraldine state (EB) by FeCl3. Then the tetramer was reduced by 

NH2NH2 to leucoemeraldine base (LB) state. The proton NMR (Figure 3.3) shows 

the proton resonance at 4.63, 7.16, 7.44 and 7.66 ppm, which can be assigned to 

the primary amine and the three secondary amines respectively. After being 

converted into the form of a BOC protected amine (compound 4), the proton 

resonance at 1.35 ppm appears, which is assigned to the tert-butyl group at the 

expense of the peaks belonging to the secondary amine (Figure 3.4).  
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Figure 3.4  
1
H NMR of tetramer amine 4. 
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Figure 3.7  Uv-Vis spectra of octamer amine 8 (bold line) and the deprotected 

octamer amine in the EB state (dash line). The concentration of the solution is 

0.36 mmol/L for each sample. 
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Figure 3.8  FTIR spectra of octamer amine 8 (bold line) and the deprotected 

octamer amine in the EB state (dash line). 
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       Starting from compound 4, both the hexamer amine (compound 7, 

Figure 3.5) and octamer amine (compound 8, Figure 3.6) can be directly 

synthesized, using the palladium-catalyzed method. Compared to the standard 

literature method, our method requires fewer steps to prepare octamer amine. That 

is also easier to conduct.  

      The protective BOC groups were facilely removed in the presence of 

iodotrimethyl silane via a modified literature method. [8] The aniline obtained is 

in the emeraldine base (EB) state, which is confirmed through FTIR and Uv-Vis .  

Figure 3.7 shows the comparison of the Uv-vis spectra for both the 

protected and deprotected octamer amine. Due to the electron-donating ability of 

the amine, octamer amine 8 exhibits an absorption peak around 330 nm. After 

removing the BOC protective groups, a sharp peak appears at 320 nm and a broad 

absorption band emerges at 620 nm.  The first peak was attributed to the p-p* 

transition in the benzenoid ring, and the second peak was ascribed to an exciton-

type transition between the HOMO orbital of the benzoid ring and the LUMO 

orbital of the quinoid ring.  [7b, 7c] 

In the FTIR spectra, the protected octamer amine 8 displays the 

characteristic amide band at 1710 and 1501 cm
-1 

for the secondary amide I and II 

band, respectively (Figure 3.8). After being treated by iodotrimethyl silane, new 

peaks appears at 1598 and 1505 cm
-1

 and are assigned to the typical benzenoid 

and quinoid ring stretching [7c]. There are also broad bands at 3300 cm
-1

 due to 
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the vibration of the N-H bend, which occurs at the expense of the amide I and II 

bands. 

 

 

3.4    Conclusion 

         In this chapter, the literature palladium-catalyzed method was modified to 

synthesize oligomer aniline. A simpler route was explained in detail. A series of 

phenyl/amine end-capped oligomeric anilines were synthesized and characterized. 

These specific structures endow the synthesized oligomers ability to form block or 

graft structures with other polymers through condensation or addition reactions.  
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Chapter 4 

Synthesis of Dumbbell-shaped Triblock Structures Containing 

Ferroelectric Polymers and Oligoanilines with High Dielectric Constants 

 

4.1    Introduction  

        PVDF based polymers have sparked much interest recently. Different 

approaches have been adopted to improve its dielectric properties. The composite 

approach, where ceramic or metallic nanoparticles are incorporated into the 

polymer matrix, has been developed to enhance the dielectric constant of the 

polymers. [1] However, high volume fractions of the inorganic fillers are 

generally needed for an appreciable increase in the dielectric constants of the 

resulting composites. [2] This impairss the mechanical properties of the polymers 

and result in a loss of many attractive properties and characteristics, including 

fracture tolerance and pliability.  More recently, p-conjugated polymers have been 

utilized as the conductive fillers to improve the dielectric constants and 

electromechanical properties of the ferroelectric polymers while maintaining the 

flexibility of the polymer matrix. [3] The delocalized electrons from the 

conjugated p-bonds give rise to high interfacial polarization (Maxwell-Wagner 

effect) and large dielectric responses.[4] Nevertheless, in these fluorinated 

polymers, this approach is plagued by difficulties in preparing the blends with a 

uniform filler dispersion.  The agglomeration of the conductive fillers and the 
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inevitable formation of voids leads to conduction loss and dielectric failure at 

much lower fields than the intrinsic breakdown field.   

 In this chapter, the octaaniline, discussed in Chapter 3, was incorporated 

into the ferroelectric P (VDF-co-CTFE) backbone to form a block structure. A 

series of block copolymers, with different  octaaniline concentration have been 

synthesized and characterized. The block copolymer films were cast from DMF 

solution and the dielectric properties were measured. It was found that the 

dielectric properties are not only related to the structure and composition of the 

block copolymer but also to how the film was prepared. When the film was doped 

with acid after being cast from the DMF solution, the dielectric constant of the 

film reached a maximum when the concentration of the aniline was approximately  

10%, which is the percolation threshold of the conduction.  

 

4.2     Experimental  

4.2.1  Materials.  

         Unless otherwise noted, all solvents and reagents were purchased from 

VWR and Aldrich and used as received.  Tetrahydrofuran (THF) was distilled 

from sodium benzophenone ketyl under nitrogen. Vinylidene fluoride and 

chlorotrifluoroethylene were purchased from SynQuest Laboratory Inc.  
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4.2.2       Characterization.  

  1
H and 

19
F NMR spectra were recorded on a Bruker AM-300 or 400 

spectrometer. The molecular weights of the polymers were characterized with a 

Viscotek gel permeation chromatography (GPC) system, equipped with light 

scattering, refractive index, UV/vis and viscometer detectors in a DMF mobile 

phase containing 0.02 M LiBr. The UV/vis spectra were recorded on a Varian 

Cary 100 scan Uv-visible spectrophotometer. The infrared spectra were recorded 

on Varian Digilab FTS-800 Fourier Transform Infrared Spectrometer (FTIR) The 

thermal transition data was obtained using a TA Instruments Q100 differential 

scanning calorimeter.  

 

4.2.3       Synthesis Details  

 Polymer 1: VDF (10 mL, 0.11 mol) and CTFE (1 mL, 0.012 mol) were 

transferred and condensed through Schlenk line to a mixture of 4-(tert-

butoxylcarbonyl) benzoyl peroxide (200 mg, 0.49 mmol) and acetonitrile (40 mL) 

in a Parr reactor equipped with magnetic stirring bar,.  After stirring at 85 
o
C for 6 

hours, heating was discontinued and the residue gas was discharged.  The mixture 

was condensed and the residue was washed with chloroform to afford a colorless 

product (2 g, 28%).  
1
H NMR (d6-DMSO, ppm): ŭ 8.10 (dd, 8H, ArH), 7.53 (d, 

2H), 2.9 (CF2CH2CF2CH2), 2.3 (CF2CH2CH2CF2), 1.37 (s, 18H, -C(CH3)3). 
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 Polymer 2: Iodotrimethyl silane (0.16 mL, 10 e.q.) was charged into a 

dichloromethane (20 mL) solution of Polymer 1 (2.16 g).  After stirring at room 

temperature for 2 hours, Methanol and N(Et)3 were added to the solution to 

quench the excess iodotrimethyl silane. The resulting mixture was filtrated and 

washed with distilled water and HCl aqueous solution (1 M) to afford light yellow 

product.  
1
H NMR (d6-DMSO, ppm): ŭ 12.5 (sb, 1H), 8.1 (s, 8H), 2.9 

(CF2CH2CF2CH2), 2.3(CF2CH2CH2CF2). 

 

 Polymer 3: EDC·HCl (0.079 g, 10 eq.) or oxalyl chloride (10 e.q.) were 

added to a solution of Polymer 2 (2 g) in THF (20 mL).  The mixture was stirred 

for 2 hours before 5-aminoisophthalic acid (0.01 g, 2.2 eq.) and NEt3 (0.03 mL, 

4.4 eq.) were charged into the flask.  After stirring under an ice-bath for 5 hours, 

the solvent was removed by rotavapor and the resulting mixture was washed with 

distilled water and  an HCl aqueous solution (1M) to afford light yellow product.  

1
H NMR (d6-DMSO, ppm): ŭ 12.5 (sb, 2H), 10.8 (s, 2H), 8.7 (s, 4H), 8.3 (s, 2H) 

8.1 (s, 8H), 2.9 (CF2CH2CF2CH2), 2.3(CF2CH2CH2CF2). 

  

Polymer 4: EDC·HCl (0.079 g, 10 eq.) or oxalyl chloride (10 e.q.) was 

added to the mixture of Polymer 3 (0.50 g) in THF (20 mL). The mixture was 

stirred for 2 hours before octamer aniline 8 (0.05 g, 4 eq.) was added. After 

stirring at room temperature for 5 hours, the solution was condensed and the 

residue was precipitated in water.  The mixture was filtered and washed with 
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distilled water to afford light yellow product.  
1
H NMR (d6-DMSO, ppm): ŭ 10.8 

(s, 2H), 10.5 (s, 4H), 8.7 (s, 4H), 8.3 (s, 2H) 8.1 (s, 8H), 7.3 (m, 128H), 2.9 

(CF2CH2CF2CH2), 2.3 (CF2CH2CH2CF2), 1.37 (m, 252H). 

 

Polymer 5: Me3SiI (0.02 mL) was added to a mixture of dichloromethane 

(20 mL) and Polymer 4 (0.04 g).  After stirring for 1 hour, the reaction was 

quenched with degassed MeOH and NEt3.  The mixture was filtered and washed 

with distilled water.  Drying in vacuum oven at 40 
o
C afforded a yellow product.  

1
H NMR (d6-DMSO, ppm): ŭ 10.7 (s, 2H), 10.3 (s, 4H), 8.7 (s, 4H), 8.3 (s, 2H), 

8.1 (s, 8H), 7.3 (mb, 40H), 2.9 (CF2CH2CF2CH2), 2.3(CF2CH2CH2CF2). 

 

Polymer 6: Air  was introduced to the solution of polymer 5 in THF. 

After stirring for half an hour, the solution was concentrated via vacuum. The 

residue was washed with distilled water and dried in a vacuum oven to yield green 

or purple product. 
1
H NMR (d6-DMSO, ppm): ŭ 10.7 (s, 2H), 10.3 (s, 4H), 8.7 (s, 

4H), 8.3 (s, 2H), 8.1 (s, 8H), 7.2 (mb, 33H), 2.9 (CF2CH2CF2CH2), 

2.3(CF2CH2CH2CF2).  

 

4.2.4     Preparation of Polymer Films.  

75 mg of polymer was dissolved in 3.0 g of DMF.  The solution was 

stirred overnight and filtered through a 0.45 mm Teflon filter before casting onto a 

5.08 by 3.81 cm (2 inch by 1.5 inch) glass slide that was previously cleaned with 
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acetone.  The films were heated at 60 
o
C overnight to remove the bulk DMF and 

then heated under vacuum at the same temperature overnight for complete DMF 

removal.  The films were soaked in distilled water overnight and carefully peeled 

off the glass and dried at 40 
o
C overnight to remove any remaining water.  The 

block copolymers were doped by mixing camphoric acid (CSA) or HCl aqueous 

solution with the prepared polymer DMF solution for one hour before casting as 

above. Or the prepared film was doped by immersing into the aqueous solution of 

CSA or HCl  or  NH4OH with   stirring for 24 hours before drying in an oven at  

60 
o
C overnight. 

 

4.3       Results and discussion 

4.3.1    Characterization of Structure 

 To integrate the oligoanilines into the ferroelectric polymers, telechelic 

polymers containing complementary carboxylic acid groups at the chain ends 

were prepared using the approach developed in our laboratory. [5] As shown in 

Figure 4.1, the functional peroxide was subsequently utilized as a free-radical 

initiator in the copolymerization of VDF and CTFE.  It has been demonstrated that 

the termination of the growing fluoroalkyl chain in radical polymerization is 

essentially governed by the radical coupling reaction. [6] Accordingly, the tert-

butyl ester groups were successfully transferred from the initiator to the chain 

ends of the polymer after the polymerization.  By varying the initiator 

concentration and polymerization time, polymers with five different molecular 
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weights were obtained.  The ratio of the intensity of the corresponding peaks 

revealed number-average molecular weights of 59, 45, 32, 17, and 13 kg/mol for 

polymers 1-1, 1-2, 1-3, 1-4 and 1-5.  Removal of the tert-butyl groups in polymer 

1 was achieved upon treatment with iodotrimethylsilane, evidenced by a complete 

disappearance of the peaks from tert-butyl protons at 1.58 ppm and the change 

from doublets to a singlet peak for the aromatic protons in the 
1
H NMR spectra 

(see Chapter 1). With the purpose of increasing the concentration of oligoanilines 

in a single ferroelectric polymer chain, polymers 2 was reacted with 5-

aminoisophthalic acid to provide polymer 3, which is confirmed by the emergence 

of a signal at 10.8 ppm, which corresponding to the proton on amide group in the 

1
H NMR spectrum (Fig. 4.2).  Repeating this step on the branched polymer 3 may 

lead to a superbranched structure containing the P(VDF-co-CTFE) block as a 

core.[7] The carboxylic acid groups in polymer 3 were further activated to acyl 

chloride followed by amidation with amine-capped oligoanilines to furnish the 

dumbbell-shaped triblock structures 4. Figure 4.3 is the proton NMR spectrum of 

polymer 4. The new resonance appears at 10.5 ppm is assigned to the proton on 

the new amide bonds. The intensity ratio of the new amide peak to the peak at 

10.8 ppm is around 2, which is in accord with the theoretically calculated value. 

The resonance of the protons on the phenyl ring (closest to the amine group of 

octaaniline) shift from 6.5 and 6.8 ppm to 7.3 and 7.8 ppm after being bonded 

with P(VDF-co-CTFE) copolymer. This shift can be attributed to the weaker 

electron-donating ability of the amide group, compared with the amine group. 
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After the BOC protecting groups in the oligoanilines were removed, the resonance 

of protons of the tert-butyl group at 1.4 ppm disappears (Figure 4.4).  The peak at 

approximately 7.2 ppm broadens after the polyaniline blocks of the block 

copolymer were oxidized from the LB state to the EB state (Figure 4.5), which 

may be due to the formation of the -́conjugation system.  Besides the 

aforementioned characteristic proton resonance for each copolymer, all 

copolymers show chemical shifts at 2.9 and 2.3 ppm, associated with VDF units 

with head-to-tail (H-T) (-CF2-CH2-CF2-CH2-) and head-to-head (T-T) (-CF2-CH2-

CH2-CF2-) sequences respectively. The weight percentages of aniline octamers in 

the block copolymer 5 were estimated based on the intensity ratios of the 

characteristic resonances assigned to the aromatic protons in octaanilines to those 

of methylene protons in P(VDF-CTFE) in the 
1
H NMR spectra. 

The evolution from polymer 2 to polymer 5 was further manifested by 

FTIR spectroscopy (Figure 4.6).  In addition to the absorption bands from P(VDF-

CTFE) at approximately 850 and 880 cm
-1

 (symmetric stretching and rocking 

modes of C-F), 1180 cm
-1

 (anti-symmetric stretching of C-F), and 1400 cm
-1
 

(bending and wagging modes of C-H), [8]  the green line in Figure 4.6, which 

represents the FTIR spectrum of polymer 4: block copolymer, displays the 

characteristic amide band at 1700 and 1510 cm
-1 

for secondary amide I and II 

band, respectively. After removing the protective BOC group, as shown by the 

blue and green lines in Figure 4.6, peaks appear at 1590 and 1510 cm
-1

, which 

originate from the typical benzenoid and quinoid ring stretching. Broad bands also 
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occur at ca. 3300 cm
-1

 due to the vibration of N-H when oligomer aniline is at the 

leucoemeradine (LB) and the emeraldine (EB) states respectively. The absorption 

band at 3300 cm
-1

 disappears after the polyaniline blocks were oxidized into the 

perniganiline (PB) state, in which all the phenyl rings exist in the quinoid ring 

form (pink line in Figure 4.6).  

The UV/vis spectra (Figure 4.7) of polymer 2 (blank copolymer), 

polymer 3 (branched copolymer) and polymer 4 (block copolymer) do not show 

any notable absorption due to the lack of a long range covalent structure. Polymer 

5, containing the octaaniline in the LB state, shows a prominent absorption peak at 

315 nm, which is associated with the p-p* transition in the benzene unit and a 

shoulder band at 445 nm which may be due to a small portion of HCl doped 

aniline, which was produced during the quenching reaction process with MeOH. 

[9] The aniline octamers in block copolymer 5 can be easily oxidized to the EB 

state upon exposure to air, resulting in a purple solution with a sharp peak a 320 

nm and a broad absorption band at 620 nm. The first peak was attributed to the p-

p* transition in the benzenoid ring, and the second one was ascribed to the 

exciton-type transition between the HOMO orbital of the benzoid ring and the 

LUMO orbital of the quinoid ring. [10] The aniline octamers in block copolymer 6 

can be further oxidized by silver (II) oxide, which is evidenced by a blue-shift of 

the excitonic transition from 620 to 575 nm. [9]   
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Figure 4.1 Synthesis route of the P(VDF-CTFE) based block structures with 

octaaniline at the chain ends.  
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Figure 4.2  
1
H NMR spectrum of Polymer 3. 

  


