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ABSTRACT 

Military and commercial users require next-generation polymer dielectric 

materials for pulse power and power conditioning applications with rise times less than 

1 ms and AC power at frequencies ranging from kHz to MHz. These power density and 

rate capability requirements necessitate the use of dielectric capacitors that store 

energy via polarization of electrons in molecular scale dipoles. Multiphase polymer 

composites and all-polymer dielectrics could be new kinds of materials to meet this 

acute need for capacitors with compact size and high rate capability. 

The polymer nanocomposite (PNC) approach to achieve high energy density 

employed a “colossal” dielectric constant material, calcium copper titanate, CaCu3Ti4O12 

(CCTO) as filler, and high dielectric breakdown strength and low loss polycarbonate (PC) 

as the polymer matrix.  This work systematically analyzes CCTO/PC composites, starting 

with low field dielectric properties (dielectric constant, dielectric loss) and extending to 

(for the first time) high field D-E polarization behavior. Our findings suggest that 

CCTO/PC composites are promising for applications requiring high dielectric constant at 

low field strength, but not as dielectrics for high density, pulse power energy storage. 

 “Multiphase all-polymer dielectric” materials is a novel approach to meet the 

high rate capability demand in dielectric capacitors. Our chemistry collaborators 



vii 

synthesized variety of new homopolymers and copolymers that are hypothesized to 

form phase-separated, interfacially-dominated structures capable of storing energy 

through electronic conduction and interfacial polarization. The polymer architecture 

features a combination of conducting and insulating segments hypothesized to form 

phase-segregated domains with high electronic conductivity, surrounded by insulating 

domains that prevent percolation and inter-domain conduction.  It is hoped that this 

method will circumvent shortcomings in existing polymeric dielectric materials for high 

density energy storage applications. The main result is a terthiophene-containing 

(PTTEMA) polymer that can store energy density up to 1.54 J/cm3, higher than 

commercially available biaxially oriented polypropylene (BOPP) at 200 MV/m applied 

electric field. In addition, different approaches, such as PTTEMA grafted onto barium 

titanate/PTTEMA composites and PTTEMA/PS polymer blends, have been employed to 

optimize PTTEMA polymers to make them suitable for pulse power applications. Finally, 

COMSOLTM simulations were used to understand how polymer composites 

microstructure affects material polarization. 
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CHAPTER 1 

INTRODUCTION 

1.1 MOTIVATION 

High performance dielectric materials are needed for both commercial and 

military purposes [1-4]. All applications need energy storage devices with high energy 

and power density, low dissipation, and very high rate capability (“pulse power”). It is 

expected that power conditioning systems for the Navy’s Integrated Electric Power 

System will require power pulses with rise times less than 1 ms and AC power at 

frequency ranging from kHz to MHz. The power density and rate capabilities necessitate 

the use of dielectric capacitors that store energy through various polarization 

mechanisms [5]. The best practical dielectric capacitor material available today, based 

on metalized, biaxially-oriented polypropylene (BOPP), has low volumetric energy 

density. It is about 1.7 J/ cm3 (under packaged condition) with a further 20% increase 

envisioned upon improve package design [6]. This magnitude of energy density, 

although promising, does not solve the volume occupancy issue of large electric systems 

for pulse power and power conditioning operations. Thus, volumetric energy density 
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must be increased for future shipboard power systems as well as for commercial power 

electronics.  

The Navy has established benchmarks for the next generation of dielectric 

capacitor materials including intrinsic energy density more than 20 J/cm3, dielectric loss 

less than 0.1%, and operation stability up to 150°C. All of these requirements must be 

achieved in polymer materials that can be processed easily, at low cost, to manufacture 

reliable large capacitors (C ˃ 1F). Fundamental considerations and practical limitations 

make it difficult to satisfy all these requirements simultaneously. Thus synthesizing 

polymer-based dielectric materials with stored energy density more than an order of 

magnitude larger than today’s materials is a very challenging problem. 

1.2 BACKGROUND 

High energy density in a material can be achieved if it possesses a high number 

density of polarizable domains, which will create large induce dipole moment (μind) 

under applied electric field. The polarization of a dielectric P is given by 

P=N μind=NαE=NE (α0+μ2/3kT)                                            (1.1) 

and represents the average dipole moment per volume. The electric displacement D is 

related to polarization density P by 

 D= ε0 E +P                                                                            (1.2) 
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Consider a parallel plate capacitor with electrode area A, and distance between 

electrodes d. Under applied voltage V (Figure 1.1a), an electric field will be established 

and charge q will accumulate on the electrodes. Substituting these values of charge q 

and applied electric field E in 

  
 

 
  

 

  
                                                                                

  gives the capacitance C of the material. Now, suppose we insert insulating 

materials between the electrodes with dielectric constant εr (Figure 1.1b). Under 

applied voltage V (Figure 1.1c), an electric field will be established and the molecules of 

dielectric material will be polarized, creating many dipoles. These dipoles induce an 

electric field opposite to the applied field and, the net electric field will be reduced 

(Figure 1.1d). Substituting this reduced electric field E’ for the same number of charges q 

gives a higher capacitance in equation (1.3). The main idea of dielectric capacitor is to 

create a large number of these dipoles. However, they should not touch each other: 

inter-dipoles contact creates conduction path ways for dielectric breakdown and 

dielectric loss.  

  

Figure 1.1. Working principle of dielectric capacitor. 
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This results in volumetric stored energy density given by Ŵ 

   
 

  
 
 

  
                                                                        

where q is the free surface charge related to electric displacement by D=q/A. For 

the ideal case of a linear dielectric [e.g., biaxially oriented polypropylene (BOPP), 

polyethylene (PE), polystyrene (PS)] the polarization is 

P= ε0E (εr-1)                                                                       (1.5) 

leading to electric displacement 

D= ε0 εrE                                                                            (1.6) 

For linear dielectric materials the polarization and depolarization follow the 

same linear line , resulting in the same stored and recovered energy density (area ABDA 

in Figure 1.2) [7]. Substituting D from equation (1.6) into equation (1.4) leads to 

  
 

 
     

                                                                                            

 Therefore, to increase energy density Ŵ, one may try to maximize both the 

magnitude of the applied field E (as close as possible to the breakdown field strength Eb 

) and εr.  

In practice, most dielectric materials (e.g., polar polymers, polymers with 

impurity ions, and immiscible polymer blends with poor interfaces) show nonlinear 

response to an external applied electric field. This nonlinearity is manifested as a 
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hysteresis loop (area ABCA in Figure 1.2), where the polarization and depolarization 

curves follow different paths. Consequently, the stored energy density (area ABDA in 

Figure 1.2) for such dielectric materials, calculated from equation (1.4) [8] is different 

from the recovered energy density (area CBDC in Figure 1.2). Thus simply maximizing εr 

will not maximize Ŵ. Instead it is necessary to optimize D as function of E to obtain 

highest stored and recovered energy density.   

 

Figure 1.2. Representation of unipolar D−E hysteresis loops under high-field switching 
for calculation of energy stored, energy released, and (%) energy loss in linear and 
nonlinear dielectric materials. 

1.3 SINGLE PHASE POLYMER DIELECTRICS 

For bulk polymer, an order-of-magnitude increase in stored energy density (Ŵ) 

can be possible through a three to four-fold increase in breakdown field strength (Eb). 

However, most of the polymers used for dielectric capacitors are already optimized. For 

example, biaxially oriented polypropylene (BOPP) is inexpensive, has high breakdown 

field strength Eb = 640 MV/m and low loss (tan δ ~ 0.0002 at 1 kHz), but the low 
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dielectric constant ( εr ~ 2.2) results in low Ŵ (<1.2 J/cm3)  [6, 9-11]. On the other hand, 

poly(vinylidene fluoride) (PVDF) and CoPVDF both have high breakdown strength 

(500~700 MV/m) like many other organic polymers and high dielectric constant (εr = 10-

20). Therefore, effort has been made to explore PVDF and CoPVDF polymers for 

maximizing energy density [1]. Recently, the Penn State group modified the chemical 

structure of PVDF with chlorinated/fluorinated co-monomer to prepare poly((vinylidene 

fluoride)-r-(chlorotrifluoroethylene)) (P(VDF-CTFE)), and a terpolymer of vinylidene 

fluride, chlorotrifluoroethylene (CTFE), and trifluroethylene (TrFE),P(VDF-CTFE-TrFE) [7, 

12-15]. These copolymers have high Ŵ (12-17 J/cm3) but manifest excessive dielectric 

loss owing to large remnant polarization [15]. Moreover, the thermal stabilities of these 

copolymers were not reported. Thus, the lossy nature of PVDF-based copolymers and 

terpolymers make them less desirable for next generation polymer dielectric materials.  

The problem with PVDF-based polymer dielectrics can be explained in terms of 

the “Moss Rule”, a tradeoff  between permittivity and band gap Eg [16, 17] for all 

homogenous and bulk materials: 

          
   

  
                                                 

where the plasmon energy is ħɷp =ħ (4πne2/m) 2, n is valence electron count, 

and  m and e are electron mass and charge. The number of effective valence electrons 

for polymers and many semiconductors is roughly constant, and so the plasmon energy 

is approximately constant (15 eV - 20 eV) [16, 18]. From equation (1.7), it is evident that 

increasing dielectric constant is possible as the value of the band gap Eg decreases. 
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Decreasing Eg consequently increases the concentration of thermally generated free 

charge carriers which gives rise to leakage current and dielectric loss. In addition, it 

favors avalanche breakdown, thus reducing dielectric strength. These compromises 

between permittivity, loss and breakdown strength make it very difficult for single-

phase polymer dielectrics to achieve high Ŵ with high Eb and minimal dielectric loss. 

 1.4 MULTIPHASE POLYMER COMPOSITE DIELECTRICS 

Multiphase materials may be able to avoid the limitations of the Moss rule. 

Polymer composites might achieve high energy density by combining the high relative 

permittivity εr values of inorganic ceramics with the high breakdown field strength 

values and processability of polymers. In general, the energy density of a biphasic-

composite is a weighted sum of the energy density of each constituent. Therefore, to 

achieve a high energy density in a composite, each constituent must make a significant 

contribution from toward the total energy density. Polymers currently used as matrices 

in dielectric nanocomposites (including polyethylene, poly (methylmethacrylate), 

polycarbonate, polystyrene, epoxy resins, polyimides, polyether ether ketone) usually 

have dielectric permittivities significantly lower than those of the inorganic filler. 

Various single- and mixed-metal titanates and zirconates have received much attention, 

including BaTiO3 (BT) [19-23], Pb(Zr,Ti)O3 (PZT), CaCu3Ti4O12 (CCTO) [24-35] and 

numerous others.  

 Several comprehensive reviews describe previous research on polymer 

composites for dielectric energy storage [1, 36-39].  Significant gains in composite 

http://en.wikipedia.org/wiki/PEEK
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effective permittivity εeff generally require high volume loadings of micron-sized ceramic 

particles, which reduce the polymer’s breakdown field strength and mechanical 

integrity. Consequently any advantage gain from the high εr filler is lost due to the 

decrease in breakdown field strength, which results poor dielectric performance. Both 

of these issues involve polymer-filler interfaces, so many research groups are seeking to 

learn more about polymer-filler interfacial chemistry and structure, and how they are 

related. Considerable effort has gone into dispersing nano-sized ceramic particles into 

polymers, which often improves the polymer’s Eb value, but not necessarily εeff. 

Incompatibility between polymer and filler is the core issue and it poses a significant 

challenge to developing polymer composite materials for high density dielectric energy 

storage.  

 1.5 MULTIPHASE ALL-POLYMER DIELECTRICS 

Multiphase polymers, includes polymer blends [40-47] and all-polymer 

percolative composites [48, 49], represent another approach to creating heterogeneous 

dielectric materials that avoid the trade off the Moss rule. The main idea of this work is 

to create blended materials that combine the best properties of each component of the 

mixture. Phase separated block copolymer dielectrics [50-54] go beyond this concept by 

taking advantage of the properties of the interfaces in copolymer materials, providing 

strong mechanical integrity among constituent blocks. 

This approach focuses on developing interfacially–dominated block copolymers 

that will store energy through electronic conduction and interfacial polarization. 
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Material design utilizes alternative conductive and insulating blocks (Figure 1.3). One 

block (red) will form nanoscale phase-segregated domains with high electronic 

conductivity, while other block (blue) will insulate the conducting domains to prevent 

percolation and inter-domain conduction. Under an applied electric field, electronic 

conduction will induce “nanodipoles” at interfaces due to space charge accumulation 

along the phase boundaries. The nanoscale size dipoles will greatly amplify the number 

density of polarizable domains, resulting in dielectric materials with energy storage 

dominated by interfacial polarization. It is expected that this method will circumvent the 

limitations of existing polymer dielectrics to meet requirements for next-generation 

polymer dielectrics for pulse power and power conditioning applications.  

 

 

Figure 1.3. Interfacial polarization of micro-and nano-phase separated block 
copolymers. 

1.6 OVERVIEW OF DISSERTATION 

Given the strong fundamental understanding of polarization mechanisms [5], 

rational material design based on this understanding offers opportunities to create next 

generation dielectric materials . This dissertation capitalizes on our fundamental 
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understanding to develop new, nano-domain high performance dielectric materials 

based on polymer nanocomposites and multiphase polymers. 

 Chapter 2 of this dissertation discusses the physical and dielectric 

characterization techniques used in this research. Chapter 3 discusses our work to 

develop a polymer nanocomposite dielectric material based on a colossal dielectric 

constant inorganic material dispersed in a high breakdown strength polymer. 

Polycarbonate is used as a host polymer matrix because it has low dielectric loss and 

high breakdown field strength. Calcium copper titanate, CaCu3Ti4O12 (CCTO), has a giant 

dielectric constant but low breakdown strength. CCTO was synthesized via a traditional 

solid-state method as well as a wet chemical sol-gel route by our chemistry 

collaborators. These different kinds of CCTO were used as fillers to explore the impact of 

CCTO particle size and interfacial area on dielectric properties. Various kinds of physical 

characterization of CCTO filler materials as well as composite films are discussed. Finally, 

Chapter 3 concludes with a discussion of the prospects of CCTO/PC composites as high 

density energy storage materials. 

Chapter 4 presents research on all-polymer dielectric material development 

approaches, including a novel phase separated block copolymer strategy to achieve high 

dielectric performance. The chapter introduces the limitations of organic-inorganic 

(polymer-composites) composites and suggests how multiphase polymers can 

circumvent the shortcomings of organic-inorganic polymer and the possible challenges 

to achieving optimal performance. Next, five subsections discuss various approaches to 
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develop phase separated block copolymers with different material architectures. 

Section 4.2 discusses our results for oligoaniline-containing supramolecular block 

copolymer nanodielectric materials and their merits as high performance dielectric 

materials. Section 4.3 presents simple strategy to develop dielectric materials based on 

polystyrene end-capped with oligoaniline groups. The synthesis and properties of π-

conjugated oligothiophene-containing polymer (polymethacrylate with terthiophene 

side chains) is introduced in section 4.4. This material has exceptionally small crystalline 

domains (<2nm) leading to superior dielectric properties. Section 4.5 extends the 

discussion to other terthiophene-containing polymers, comparing block copolymers and 

polymer blends of terthiophene-containing polymer with polystyrene to better 

understand the energy storage mechanism. Section 4.6 employs a bimodal approach to 

improve dielectric properties of terthiophene-containing polymer to the next level. The 

bimodal strategy employs terthiophene-containing polymer with different shell 

thickness grafted onto barium titanate (BT) particles, and disperse those grafted 

particles in a matrix consisting of terthiophene-containing polymers.  Using the same 

terthiophene containing polymer as a polymer matrix and as a shell on BT particles 

facilitates uniform dispersion and improved interfacial adhesion between BT particles 

and the polymer matrix, which in turn provides superior dielectric properties. 

Chapter 5 discusses COMSOLTM simulation used to better understand the 

importance of filler and polymer selection on overall composite performance. Chapter 6 

provides possible recommendations for future work to develop materials with superior 

dielectric properties.  
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CHAPTER 2 

MATERIALS CHARACTERIZATION TECHNIQUES 

2.1 PHYSICAL CHARACTERIZATION METHODS 

X-ray diffraction patterns were collected by our collaborator Dr. W. Michael 

Chance and others from Dr. Hans-Conrad zur Loye’s research group in the Department 

of Chemistry and Biochemistry at the University of South Carolina. The instrument is 

Rigaku D/Max 2100 Powder X-Ray Diffractometer with Cu Kα radiation, λ = 1.5418 A°. 

The phase purity of final inorganic powder product was checked by PXRD, while wide 

angle X-ray diffraction (WXRD) for polymers were performed intended to estimate 

crystalline domain size. The crystalline domain sizes are estimated from Scherrer’s 

formula  [55, 56], 

  
 

     
                                                                                    (2.1) 

where t is the crystallite size, λ is the X-ray wave length, B is the full width at half 

Maximum of the main diffraction peaks (obtained from JADE software), and θ is 

diffraction angle. 1H NMR (300 MHz) spectra were recored by Dr. Yali Qaio on a Varian 

Mercury 300 spectrometer with tetramethylsilane (TMS) as an internal reference.
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1H NMR was primarily used to determine the degree of polymerization (DP) and 

molecular weight. Additionally, 1H NMR was used to indentify characteristic peaks of 

grafted polymer on inorganic particles. Differential scanning calorimetry (DSC) from TA 

Instruments (model Q2000) was used to investigate thermal transitions of the polymers 

over the temperature range from 0 to 200 oC at heating and cooling rates of 10 oC min-1 

under constant nitrogen flow at a rate of 50 mL/ min.  Samples (between 3-10 mg) were 

added to aluminum hermetic pans and sealed. To ensure accuracy, the data were 

collected during the second heating and cooling cycle. Thermogravimetric analysis (TGA) 

was carried out on a TA Instruments Q5000 with heating rate of 10 oC/ min from RT to 

1000 oC under constant nitrogen flow intended to determine thermal stability and 

chemical formula of the materials. Field-Emission Scanning Electron Microscopy (FE-

SEM, Zeiss UltraPlus) operating at different high voltage (typically in between 15KV-

20KV) was used to analyze micro-domain and particle sizes. 

2.2 DIELECTRIC CHARACTERIZATION  

2.2.1 IMPEDANCE SPECTROSCOPY 

The complex impedance of samples was measured using an impedance analyzer 

(Agilent model 4192A LF) (Figure 2.1). Measurements were carried out at fixed applied 

voltage (10 mV) and varying frequency (typically 102 to 1.2 ×107 Hz).  Impedance spectra 

were collected for 4−6 specimens of each sample to ensure reproducibility; average 

values were reported.  The real and complex parts of the impedance, expressed as 

impedance magnitude and phase angle, were analyzed using a parallel RC circuit model 
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describing a “leaky” capacitor [57-59], yielding values of relative permittivity (εeff) given 

in equation (2.5) and loss tangent (tan δ) in equation (2.7) as functions of frequency.  

The complex permittivity of a material is given by  

         
      

                                                                                                      

 

Scheme 2.1.  Representation of parallel RC circuit. 

       
    

      
 
                                                                                                                                                                                                     

            
 

  
                                                                                                                                                                                            

here,    
 

  
,     ,                         

   

 
                          . 

Specifically, measured values of impedance magnitude |Z| in equation (2.2) and phase 

angle θ in equation (2.3) lead to the real and complex parts of the relative permittivity 

given by 

            
   

       

        
                                                                                                       

              
    

      

        
                                                                                                                                                 

where f is frequency in Hz,           , and A and d are the film area and 

thickness.  The loss tangent tan δ, also called the dielectric loss, is defined as  
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The impedance analyzer was also used in “conductivity” mode to directly 

measure conductivity, which was multiplied by A/t to give specific conductivity values. 

 

Figure 2.1. Impedance Analyzer (Agilent 4192A LF). 
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2.2.2 POLARIZATION MEASUREMENTS AND ENERGY STORAGE CAPABILITY 

Impedance spectroscopy provides low-voltage dielectric properties.  Polarization 

testing, on the other hand, probes the behavior of dielectric materials under much 

higher applied electric fields.  Polarization measurements at higher applied voltages 

employed a Precision Multiferroic polarization tester (Radiant, Inc.)(Figure 2.2). 

Polarization data (D versus E) were obtained for applied voltages up to 2000 V with a 

cycle frequency of 1.0 kHz.  The maximum applied field strength depended on the 

sample film thickness and breakdown strength; typical maximum values of 30-50 kV/cm 

were achieved for CCTO/PC composites and over 1000 kV/cm for pure PC. Stored energy 

density       was determined by numerical integration of E (Equation 1.3) from D=0 to 

the maximum value of D (Dmax) achieved in the hysteresis loop.  Recovered energy 

density       was determined by numerically integrating E from Dmax to the value of D 

where E=0.  Percentage energy loss is computed as                  . 
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Figure 2.2. From bottom to top; radiant ferroelectric tester, high voltage interface, and 
high voltage amplifier in a stack. 
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CHAPTER 3 

 CCTO - POLYCARBONATE COMPOSITES❶ 

 

 

 

 

 

 

❶This chapter has been adapted from “Dielectric Properties and Energy Storage 

Performance of CCTO/Polycarbonate Composites: Influence of CCTO Synthesis Route” 

by Md. Sayful Islam, W. Michael Chance, Hans-Conrad zur Loye, and Harry J. Ploehn, 

submitted to Journal of Sol-Gel Science and Technology. 

❷CCTO synthesized and X-ray characterized by Dr. W. Michael Chance in the 

Department of Chemistry and Biochemistry at the University of South Carolina.
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3.1 INTRODUCTION 

Microelectronics and various new compact capacitive devices require dielectric 

materials with exceptionally high dielectric constant. Often, these are ferroelectric and 

relaxor ferroelectric–based perovskites. The discovery of calcium copper titanate, 

CaCu3Ti4O12 (CCTO), a perovskite-like (ABO3) body-centered cubic oxide (Figure 3.1), has 

opened up a new avenue for dielectric material research. CCTO has received 

considerable attention as a possible dielectric material because of its so-called “giant” or 

“colossal” dielectric constant (CDC), which can range from <102 to more than 105 

depending on temperature and applied field frequency.  

Since the first reports of CDCs for CCTO [60-64], hundreds of papers have been 

published on this material. Several models have been proposed to explain the CDC of 

CCTO and continue to be debated. Onodera et al. [65] reported  CCTO exhibits a cubic 

structure with the eight TiO6 octahedra placed in the unit cell in a distorted 

configuration, which results in significant polarization under applied electric fields. 

Sinclair et al. [60, 63] carried out impedance spectroscopy measurements and 

demonstrated CCTO ceramics are electrically heterogeneous and consists of 

semiconducting grains with insulating grain boundaries ( Figure 3.2). They asserted that 

the CDC phenomenon is attributed to a grain boundary (internal) barrier layer 

capacitance (IBLC) rather than an intrinsic property associated with crystal structure. 
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Figure 3.1. The unit cell structure of CCTO, with calcium ions in green, copper ions in 
blue, and TiO6 octahedra in teal [1]. 

 

 

Figure 3.2. General schematic of the IBLC theory associated with CCTO’s giant dielectric 
constant. Schematic redrawn based on a similar figure in reference  [26] . 

Lunkenheimer et al. [66] reviews this work, which focused mainly on establishing 

the polarization mechanisms responsible for CCTO’s dielectric properties. Lunkenheimer 
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et al. conclude that although the cause of CDC behavior in CCTO cannot be 

unequivocally answered, internal and surface barrier layer capacitance (IBLC and SBLC) 

mechanisms certainly play a central role.  The dielectric properties of CCTO thus depend 

on the grain size and grain boundary composition within CCTO particles, and the 

electronic properties of the phase interface between CCTO particles and neighboring 

materials. 

Since pure CCTO possesses quite low breakdown strength, no more than 7 

KV/cm [67], thin films of  pure CCTO [67, 68] are not practical to achieve high dielectric 

energy density. To circumvent this issue and take advantage of simple processing 

methods and better mechanical properties afforded by polymers as well as CCTO’s high 

εr values, several studies have explored CCTO-based polymer composites [24-35] . A 

majority of previously published work employed CCTO prepared from solid -state 

synthesis routes [24-26, 28, 31, 35]. One of the first studies [25] reports composite 

effective permittivity ( εeff ) values reaching 610 (at 100Hz, 25°C) for hot-pressed 

multilayers of 50 vol% solid state CCTO dispersed in P(VDF-TrFE) copolymer. This same 

group later showed [35] that only  ball-milling the CCTO to produce nanoscale particles 

reduced the εff  values to 62. Modest εeff values (70-100) were reported for 50-55 vol% 

loading (and similar measurement conditions) for hot-pressed plaques of solid-state 

CCTO dispersed in PVDF homopolymer [30]. Studies of solid-state CCTO dispersed in 

other kinds of polymers also give εeff values in the range 30-80. The loss tangent values 

(tanδ) generally ranged from 0.05 to 0.20 at 100Hz. These values increase significantly 
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with field frequencies for PVDF and P (VDF-TrFE), but decreases for epoxy [28], 

polyethersulfone [31], and polyimide [26]. 

Several routes have been developed for sol-gel synthesis of CCTO [69-85], 

leading to recent studies of polymer composites based on sol-gel CCTO [27, 29, 32-34]. 

Thomas et al. [29] and Yang et al. [33] both used an oxalate precursor route to sol-gel 

CCTO and prepared PVDF composites. Thomas et al. [29] reported εeff values up to 90 

and tanδ values of 0.14-0.16 (30 vol% CCTO, 100Hz, room temperature); εeff increases 

with CCTO loading and decreases as frequency increases. Yang et al. [33] report εeff 

values as high as 2.49 106  with tanδ = 48 (40 vol% CCTO, 100Hz, room temperature). 

The composites of Yang et al. are more like semiconductors than dielectric materials. 

CCTO/PVDF composites incorporating citrate-based sol-gel CCTO have been prepared 

and characterized [32]; reported εeff and tanδ values are comparable to those of Thomas 

et al. [29] . Oxalate–based sol-gel CCTO blended with polyimide [34] exhibits dielectric 

properties like those of percolative composites [1, 86]. Clearly, the dielectric properties 

of polymer composites based on sol-gel CCTO are sensitive to the details of CCTO 

synthesis, particle-polymer blending, and film preparation. 

CCTO-polymer composites could serve as dielectric energy storage materials if 

they manifest high energy density and high breakdown strength. All the work published 

to date on CCTO-based composites has focused on relative permittivity and loss 

tangent. Only one study [29] reported results on breakdown strength. To the best of our 
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knowledge, no studies of CCTO composites have reported high field polarization results, 

including D-E loops, stored and recovered energy densities, and percentage energy loss.   

This chapter discusses the dielectric properties and energy storage performance 

of CCTO-polycarbonate composites. Special attention is given to the effect of CCTO 

particle size on microstructure, low-field dielectric properties (εff and tanδ), and 

polarization behavior. To explore the impact of CCTO particle size and interfacial area, 

CCTO was prepared via the traditional solid state method as well as a wet chemical sol-

gel method. Polycarbonate was chosen as polymer matrix due to its high break 

breakdown field strength and low loss. Our objective is to produce CCTO-polycarbonate 

composites with not only high εeff values, but also low loss and high stored energy 

density. 

3.2 MATERIALS AND EXPERIMENTAL METHOD 

3.2.1 CCTO SYNTHESIS
❷ 

Two methods were used to synthesize CCTO.  “Solid-state” CCTO (ssCCTO) was 

synthesized following established procedures [60, 62-64].  Stoichiometric amounts of 

CaCO3 (Alfa Aesar, 99.95%), CuO (Cerac, 99.999%), and TiO2 (Alfa Aesar, 99.9%) were 

ground together in a mortar and pestle and heated at 1000˚C for 12 hours.  This 

grinding/heating sequence was performed a total of three times with 100˚C increases in 

heating temperature for the second and third calcinations. 

 “Sol-gel” CCTO (sgCCTO) was synthesized using procedures similar to 

those reported previously [73, 79].  First, a Ti solution was made using 16 mmol of 
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titanium isopropoxide (Acros, 98+%) and 24 mmol of glacial acetic acid. The solution was 

prepared in a glove bag under the flow of nitrogen gas and allowed to mix for 30 min.  

While the first solution was mixing, a second Cu/Ca solution was prepared by mixing 

12.0 mmol of Cu(Ac)2•H2O, 4 mmol Ca(NO3)2, and 4 mmol of glacial acetic acid in a 

beaker, followed by dilution with 250 mL absolute ethanol under constant stirring and 

low heat to achieve complete dissolution.  Next, the Ti solution was poured into the 

Cu/Ca solution, producing a green sol that is stable against hydrolysis by atmospheric 

moisture for extended periods.  Polyethylene glycol (PEG, either 8.0 or 100.0 g) was 

added to the solution as a dispersant; these samples are denoted as sg8CCTO and 

sg100CCTO, respectively.  To initiate hydrolysis and form the gel, nitric acid (3.0 M) was 

added drop wise until the pH reached ~1.4.  The mixture was stirred continuously and 

gently heated.  A pale blue gel formed within 2 h and then was aged for 6 h.  Solvent 

was evaporated from the gel in an oven at 200°C.  The dried solids were then calcined in 

air an oven at 600°C for 6 h. 

3.2.2 PREPARATION OF CCTO/POLYCARBONATE COMPOSITES 

Polycarbonate pellets (MAKROLON 3108, Bayer Material Science LLC) were 

dissolved in dichloromethane (CH2Cl2 99.5+%, Alfa Aesar) via continuous stirring for at 

least 4 h to prepare solutions with concentrations of 33-35 mg/mL.  Then CCTO powder 

was dispersed in the solution and stirred for an additional 4 h.  The slurry was spin-

coated onto a silicon wafer rotating at 350 rpm.  The CH2Cl2 solvent was removed by 

evaporating in a vacuum oven at 45˚C and at reduced pressure (635 mmHg absolute) for 

24 hours.  Gentle peeling from the wafer gave freestanding CCTO/PC films of uniform 
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thickness (typically 40-65 μm) and minimal defects.  Circular Au electrodes were 

deposited on both sides of the films by sputter coating through a shadow mask in an Ar 

atmosphere. 

3.2.3 CHARACTERIZATION METHODS 

The microstructure and size of the CCTO particles were characterized via SEM 

images (Zeiss Ultraplus Thermal FE-SEM).  FE-SEM was also used to image composite 

surfaces, including exterior and internal fracture surfaces.  The surface areas of CCTO 

particles were obtained from N2 gas absorption with BET analysis (Micromeritics, model 

ASAP 2020). ❷Powder X-ray diffraction (PXRD) patterns for CCTO samples were 

collected (instrument specifications are given in section 2.1) over the 2θ range of 2-80° 

with a step size of 0.04° and a scan speed of 0.25°/min.  Diffraction peaks were matched 

to the JCPDF patterns of CaCu3Ti4O12, CaTiO3, and CuO for identification.  Phase fractions 

were quantified using the PDXL software program from Rigaku via the relative intensity 

ratios (RIR) method.  Particle size analysis was performed using the Scherrer equation 

with LaB6 (NIST SRM 660a) serving as the standard for instrumental broadening [55, 56]. 

The complex impedance of CCTO/PC film samples was measured using an 

impedance analyzer, and polarization measurements employed a polarization tester, as 

described in Chapter 2. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 CCTO PARTICLE CHARACTERIZATION 

The phase purity of the CCTO particles synthesized via solid state and sol-gel 

methods have been analyzed by X-ray diffraction (Figure 3.3). The ssCCTO material 

contains a small (~3%) impurity of CuO with no other observed peaks. The sg8CCTO 

powder contains small impurities of both CaTiO3 (~1.5%) and CuO (~4.3%). The similarity 

of the two XRD patterns indicates that the sol-gel CCTO has the same crystalline 

structure as CCTO prepared through the traditional solid state method. 

FESEM images (Figure 3.4) of CCTO particles obtained from two different 

synthesis routes show remarkable differences in morphology. Figure 2a shows that 

ssCCTO has particles sizes in the 2-8 µm range with an average size nearly 4 µm. Figures 

2b and 2c show well defined primary particles with characteristic sizes in the 100-200 

nm range, with apparent agglomeration or sintering producing ramified aggregates. 

Comparing Figures 2b and 2c, the particles size of sg8CCTO appears to be somewhat 

smaller than sg100CCTO. However, it is difficult to extract qualitative results and draw 

conclusions from these images. PXRD and the Scherrer equation (equation 2.1) yield 

estimates of 145±28 and 77±28 nm for the average particle sizes of sg8CCTO and 

sg100CCTO, respectively.  

Nitrogen gas adsorption with BET analysis gives a surface area of   =0.35±0.05 

m2/g for ssCCTO powder. Assuming spherical particles (       ) and             

for CCTO [78] gives an equivalent sphere diameter of 3.6 µm. For the same assumptions, 
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sg8 CCTO’s surface area   =6.81±0.08 m2/g gives an equivalent diameter of 184 nm. Both 

measurements show that sgCCTO particles are 20 to 40 times smaller than ssCCTO 

particles. 

 

Figure 3.3.  Powder X-ray diffraction patterns of (a) ssCCTO and (b) sg8CCTO.  The 
triangles represent 100% peaks from CuO; the circle (b) represents the 100% peak from 
CaTiO3. 
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Figure 3.4.  FESEM images of CCTO particles: (a) ssCCTO, 2 μm scale; (b) sg8CCTO, 200 
nm scale; and (c) sg100CCTO, 200 nm scale. 
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3.3.2 CCTO/PC COMPOSITE MICROSTRUCTURE 

Solution blended CCTO/PC slurry was spin coated on Si wafers, and solvent 

evaporation yielded CCTO/PC composite films with uniform thickness. The films are 

carefully peeled from the wafers to give free-standing films. Figure 3.5 shows FESEM 

images of the wafer sides of various 10 vol% CCTO/PC composites. Some agglomeration 

of CCTO particles is observed, but in all cases the particles appear to be uniformly 

dispersed in the PC matrix. Comparing Figures 3b and 3c, the different amounts of PEG 

in the sgCCTO samples do not appear to have a significant effect on the degree of 

sgCCTO dispersion in the PC matrix. 
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Figure 3.5.  FESEM images of 10 vol% CCTO/PC composite film surfaces (wafer side): (a) 
ssCCTO/PC, (b) sg8CCTO/PC, and (c) sg100CCTO/PC.  Scale bars are 20 μm in all images. 

3.3.3 CCTO/PC COMPOSITE DIELECTRIC PROPERTIES 

Figure 3.6a shows the frequency-dependent relative permittivity of PC and 

CCTO/PC composites prepared with ssCCTO and sg8CCTO.  For pure PC, εeff = 3.1 and is 

nearly independent of frequency.   For CCTO/PC composites, εeff is 4 to 12 times higher 

than that of PC and increases with CCTO vol%, as expected.  The composites’ εeff values 

decrease gradually with increasing frequency; the trend is most pronounced for 20 vol% 

sg8CCTO/PC.  For both 10 and 20 vol% loadings, εeff for sg8CCTO/PC is larger than that 

for ssCCTO/PC, especially at the low end of the frequency range.  For example, at 1 kHz, 

εeff is about 20% larger for sg8CCTO/PC compared to ssCCTO/PC at both 10 and 20 vol%. 

Considering the fact that the sg8CCTO particles are at least 20 times smaller than 

ssCCTO particles, the magnitude of the permittivity enhancement in sg8CCTO/PC relative 

to ssCCTO/PC is surprisingly modest.  The apparent size of the CCTO particles seems to 

have only a small effect on the composites’ relative permittivity.  Instead, the presence 

of PEG in the sol-gel CCTO may play a more prominent role by enhancing the 
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conductivity of the grain boundaries.  The loss tangent (Figure 3.6b) and specific 

conductivity data (Figure 3.6c) support this explanation.  Clearly both ssCCTO/PC and 

sg8CCTO/PC composites have significantly higher values of loss tangent and specific 

conductivity than pure PC.  Moreover, loss tangent and conductivity both increase with 

CCTO vol%.  Figure 3.6b shows that the loss tangent values for sg8CCTO/PC composites 

are generally 100 to 300% higher than those for ssCCTO/PC composites at the same 

frequency and vol% CCTO loading.  The specific conductivity (Figure 3.6c) shows a 

similar trend, with higher values for sg8CCTO/PC composites compared to ssCCTO/PC 

composites at the same frequency and vol% CCTO loading.   

One might expect that the much smaller particle size of sg8CCTO would lead to 

smaller grain sizes and thus much higher composite permittivity values.  It is possible 

that higher grain boundary conductivity mitigates the enhancement produced by 

smaller sg8CCTO grain size.  In effect, more conductive grain boundaries might produce 

polarizable domains consisting of multiple sg8CCTO grains.  This is consistent with 

previous work [83] in which addition of poly(vinyl alcohol) to sgCCTO increased Cu ion 

segregation at grain boundaries, thus increasing grain boundary conductivity and 

decreasing breakdown field strength.   

 



 

32 

 

Figure 3.6. Effect of CCTO synthesis method on frequency-dependent relative 
permittivity (a), loss tangent (b), and specific conductivity (c) of CCTO/PC composites: 
ssCCTO (filled red symbols) or sg8CCTO (open green symbols); triangles and circles 
denote 10 and 20 vol%, respectively.  Blue diamonds denote data for pure PC. 
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Sol-gel CCTO was prepared with excess PEG (sg100CCTO) in an attempt to reduce 

grain size and increase permittivity.  Figure 3.7 compares the dielectric properties of 

sg8CCTO/PC and sg100CCTO/PC composites.  Results for εeff (Figure 3.7a) show that the 

amount of added PEG in sgCCTO does not have a significant effect on relative 

permittivity.  Although PXRD results suggest a smaller grain size (77±28 nm) for 

sg100CCTO (compared to 145±28 nm grain size for sg8CCTO), particle sizes seen in FESEM 

images (Figure 3.4) do not appear to differ significantly.  Figure 3.7b shows that 

sg100CCTO/PC composites have much larger loss tangent values at frequencies below 20 

kHz.  This may be rationalized by higher Cu ion conductivity in grain boundaries due to 

the presence of excess PEG in sg100CCTO. 

As an additional test of PEG as a dispersant, 20 g of PEG was dissolved with 2.5 g 

of ssCCTO in excess ethanol, dried, and then solution-blended with PC to prepare 

composites.  Figure 3.8 shows the dielectric properties of this ss20CCTO/PC composite.  

Adding PEG to ssCCTO results in significant decreases in εeff for both 10 and 20 vol% 

loadings and at all frequencies.  The added PEG produces a relatively small increase in 

loss tangent values at low frequency (Figure 3.8b), with no clear effect on specific 

conductivity (Figure 3.8c).  We speculate that PEG, adsorbed on the CCTO particles, may 

bind Cu ions that otherwise might contribute to dielectric polarization.  More work will 

be needed to test this hypothesis. 
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Figure 3.7.  Effect of added PEG amount in sgCCTO synthesis on frequency-dependent 
relative permittivity (a), loss tangent (b), and specific conductivity (c) of CCTO/PC 
composites: sg8CCTO (open green symbols) or sg100CCTO (filled purple symbols); 
triangles and circles denote 10 and 20 vol%, respectively.  Blue diamonds denote data 
for pure PC [omitted from (c)]. 
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Figure 3.8.  Effect of added PEG on frequency-dependent relative permittivity (a), loss 
tangent (b), and specific conductivity (c) of ssCCTO/PC composites: ssCCTO (no added 
PEG, filled red symbols) or ss20CCTO (20 g added PEG, open black symbols); triangles and 
circles denote 10 and 20 vol%, respectively.  Blue diamonds denote data for pure PC 
[omitted from (c)].  
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3.3.4 POLARIZATION AND ENERGY STORAGE 

Impedance spectroscopy provides low-voltage dielectric properties.  Polarization 

testing, on the other hand, probes the behavior of dielectric materials under much 

higher applied electric fields.  Figure 3.9 shows typical polarization (D-E) loops for PC 

and CCTO/PC composites.  Pure PC displays nearly linear polarization behavior.  Upon 

polarization to similar maximum field strengths, CCTO/PC composites show 

considerable nonlinearity, remanent polarization, and hysteresis.  The apparent 

ferroelectric behavior is clearly due to the added CCTO.  sgCCTO/PC composites 

generally exhibit greater D values than ssCCTO/PC composites at the same CCTO loading 

and applied field strength E.  Trends in the hysteresis magnitude (i.e., the size of the 

loop) are not obvious from the D-E curves, however.  

  

Figure 3.9.  Polarization as a function of applied electric field for PC and CCTO/PC 
composites:  (a) 10 vol% and (b) 20 vol% ssCCTO or sg8CCTO (SS and SG8, respectively).  
Cycle frequency was 1 kHz. 
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Integration of the D-E data using Eqn. 1.3 gives the stored and recovered energy 

densities           as well as the percentage energy loss (Figure 3.10).  Typically, we find 

that pure PC films can be subjected to applied field strengths in excess of 1000 kV/cm 

(100 MV/m) before breaking down; this is somewhat less the value of 252 MV/m 

reported elsewhere for PC [5] .  The maximum stored and recovered energy densities 

for pure PC are 154 and 145 mJ/cm3, respectively, with energy loss values below 5% 

except near the breakdown field strength. 

The results for CCTO/PC composites are quite different.  The addition of CCTO 

(either solid-state or sol-gel) significantly reduces the composites’ breakdown field 

strength relative to pure PC (Figures 3.10 a and b).  Among the composites, 10 vol% 

sg8CCTO/PC films fail at fields about 80 kV/cm.  Higher sg8CCTO loading or incorporation 

of ssCCTO further reduces the breakdown field strength.  Consequently, the maximum 

values of     and     are about 20 and 5.5 mJ/cm3 (respectively) for 10 vol% sg8CCTO/PC, 

with significantly lower values for the other CCTO/PC composite films.  All of the 

CCTO/PC composites manifest significant percentage energy losses, with values 

exceeding 60% at field strengths greater than 30 kV/cm (Figure 3.10c).  These results are 

attributed to the conductivity and ferroelectric behavior of the added CCTO particles.  

Smaller sgCCTO particles appear to allow us to reach higher polarization levels 

compared to composites with much larger ssCCTO particles, but the advantage is not 

great compared to the polarization levels and maximum     values achieved in pure PC. 
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Figure 3.10.  Stored energy density (a), recovered energy density (b), and percentage 
energy loss (c) for PC and CCTO/PC composites as functions of applied electric field.  
ssCCTO/PC and sg8CCTO/PC composites are denoted as SS and SG8 with indicated values 
of vol% CCTO.  The arrows indicate that the data for pure PC extend beyond the plots’ 
range of applied electric field. 
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Nonetheless, comparisons at low applied electric field values are still 

informative.  For sg8CCTO/PC films,     and     values are many times higher than those 

of pure PC, and the values increase with sgCCTO loading.  However, the percentage 

energy losses are high and scale with sgCCTO loading.  Stored and recovered energy 

densities are higher in sgCCTO/PC composites compared to ssCCTO/PC.  In terms of 

percentage energy loss, sgCCTO does not provide any significant improvement.  In 

general, the primary advantage of sgCCTO/PC is that it can be polarized to somewhat 

higher applied fields, and thus reach higher     values, compared to ssCCTO/PC. 

3.4. CONCLUSIONS 

The colossal dielectric constant of CCTO has motivated the exploration of its use 

as a high-εr filler in polymer composites.  Several studies [25, 29, 30, 32, 33, 35] have 

blended either solid-state or sol-gel CCTO with PVDF or its copolymers, attempting to 

maximize the composites’ effective permittivity, εeff.  These studies report relatively high 

loss tangent values with little comment as to the underlying explanation.  PVDF is well 

known to exhibit significant dielectric loss, so perhaps the polymer tacitly gets the 

blame.  No studies have reported values of stored and recovered energy densities for 

CCTO/polymer composites.   

To explore this topic, we blended CCTO with PC, a polymer known to have high 

breakdown field strength and low dielectric loss.  We employed CCTO synthesized by 

both the solid-state and sol-gel routes.  Results from impedance spectroscopy (and low 

applied electric fields) reveal the expected, significant enhancement of εeff relative to 
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the permittivity of pure PC.  Despite the 20-fold smaller size (and 20-fold higher surface 

area) of sol-gel CCTO particles, the εeff values for sgCCTO/PC composites were only 

moderately higher relative to the values for ssCCTO/PC.  The loss tangent values for all 

CCTO/PC composites were much higher than for pure PC.  Loss tangent values for 

sgCCTO/PC composites were significantly higher than those for ssCCTO/PC.  Increasing 

quantity of PEG in the sgCCTO synthesis exacerbated the increase in loss tangent.  While 

this implicates PEG as a contributor to dielectric loss, clearly the CCTO is primarily 

responsible. 

Considering the impedance results, the significant hysteretic losses in CCTO/PC 

composites polarized at higher electric fields should not be a surprise.  Addition of CCTO 

to PC dramatically reduces the breakdown field strength and maximum stored and 

recovered energy densities.  Although sgCCTO offers some advantage, possibly due to 

its smaller particle size, these composites manifest relatively high percentage energy 

losses.  sgCCTO/PC composites may have value in applications requiring high dielectric 

permittivity at low field strengths.  However, CCTO/PC composites are not good 

candidates as dielectrics for high density, pulse power energy storage. 
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CHAPTER 4 

 ALL-POLYMER MULTIPHASE DIELECTRIC MATERIALS 

 

 

❸ Adapted from “Oligoaniline-Containing Supramolecular Block Copolymer 
Nanodielectric Materials” by Christopher G. Hardy, Md. Sayful Islam, Dioni Gonzalez-
Delozier, Harry J. Ploehn, and  Chuanbing Tang , published in Macromolecular Rapid 
Communications, 33, 791−797,2012 

❹Adapted from “Converting an Electrical Insulator into a Dielectric Capacitor: 
End-Capping Polystyrene with Oligoaniline” by Christopher G. Hardy, Md. Sayful Islam, 
Dioni Gonzalez-Delozier, Joel E. Morgan,Brandon Cash, Brian C. Benicewicz, Harry J. 

Ploehn, and Chuanbing Tang, published in Chemistry of Material , 25, 799−807, 2013. 

❺SAXS measurements were performed by Joel E Morgan, the Department of 
Material Science and Engineering at the Pennsylvania State University. 

❻Adapted from “Polymers Containing Highly Polarizable Conjugated Side Chains 
as High-Performance All-Organic Nanodielectric Materials” by Yali Qiao , Mohammed 
Sayful Islam , Kuo Han , Eric Leonhardt , Jiuyang Zhang ,Qing Wang , Harry J. Ploehn , and 

Chuanbing Tang, published in Adv. Funct. Mater., 23, 5638−5646, 2013. 

❼Adapted from “Oligothiophene-Containing Polymer@BaTiO3 Hybrid 
Nanoparticles: A Binary Dipole Strategy toward High-Performance Nanodielectric 
Nanocomposite Systems” by Yali Qiao, Md. Sayful Islam, Lei Wang, Yi Yan, Jiuyang 
Zhang, Brian C. Benicewicz, Harry J. Ploehn, Chuanbing Tang, submitted to Advanced 
Energy Material , 2014. 
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4.1 INTRODUCTION 

Poor compatibility between the organic polymer matrix and inorganic fillers 

leads to aggregation and defects, ultimately resulting in leakage and high dielectric loss 

[87], high leakage currents, and reduced breakdown strength of the organic-inorganic 

composites. To address these issues, “all-polymer” multiphase dielectric materials have 

been developed. Compared with organic-inorganic composites, all-organic dielectric 

composite materials have several advantages including facile processability, light weight 

and possibly low cost. Generally, all-organic composite approaches involve the use of 

high dielectric organic particulates embedded in the polymer matrix [88-94]. Similar to 

the organic-inorganic composite approach, a potential problem facing organic 

particulates dispersed in a polymer matrix is the tendency of undesirable macro-phase 

separation. In our approach, highly polarizable, conducting particulates (nano-domains) 

are embedded within an insulating matrix through appropriate polymer design, which 

hopefully gives chemical integrity to circumvent macro-phase separation. 

The goal of this approach is to design micro-and nano-phase separated block 

copolymers that store energy via electronic conduction and interfacial polarization. 

These materials are constructed by spontaneous phase separation to form dispersed 

and conductive nanoscale domains embedded in an insulating polymer matrix, and are 

expected to achieve full interfacial compatibility and high interfacial areas. One block 

(red) forms nanodomains with high electronic conductivity, while the other block (blue) 

insulates the conductive domains to prevent percolation and to minimize inter-domain 
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conduction (Figure 4.1).  Under an external applied field, electronic conduction will 

induce “nanodipoles” along the phase boundary due to space charge accumulation at 

the domain interfaces.  

 

Figure 4.1. Controllable nanoscale morphology of multiphase all-polymer composites. 

The nanoscale size of the phase separated domains greatly amplifies the 

interfacial area per unit volume, resulting in dielectric materials with energy storage 

dominated by interfacial polarization. Dielectric properties can be tailored by 

manipulation of chemical structures and molecular compositions of the block 

copolymers. This chapter describes polymer containing oligoaniline (OANI), π-

conjugated oligothiophene blocks and explores their potential applications in advanced 

dielectric energy storage device. Specifically, the following candidate materials were 

investigated: 

1) Oligoaniline (OANI)-containing polymers 

A) Oligoaniline-containing supramolecular block copolymers. 

B) Polystyrene (PS) end-capped with oligoaniline blocks. 

2) Oligothiophene-containing polymers 
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A) Methacrylate polymers containing terthiophene side groups 

(PTTEMA). 

B) Comparison of PTTEMA-b-PS block copolymers with PTTEMA+PS 

homopolymers blends. 

C) Oligothiophene-containing polymer grafted on BaTiO3 nanoparticles. 

4.2 OLIGOANILINE (OANI)-CONTAINING SUPRAMOLECULAR BLOCK COPOLYMERS
❸ 

4.2.1 POLYMER ARCHITECTURE 

This section describes our initial findings of the first nanodielectric materials 

based on oligoaniline-containing supramolecular block copolymers. To utilize the high 

conductivity of aniline segments along with easy processability and tunability of block 

copolymers, block copolymers with an insulating segment, poly(methylacrylate), and a 

segment containing a strong acidic dopant moiety, poly-(2-acrylamido-2-methyl-1-

propanesulfonic acid) (PAMPSA) that actively interacts with OANI, were prepared 

(Figure 4.2). The interaction of PAMPSA and OANI forms a dopant-conjugated complex. 

The block copolymers were prepared by reversible addition fragmentation transfer 

(RAFT) polymerization method. Details of the synthesis and polymer physical 

characterization are described in our publication [50]. These OANI-containing block 

copolymers are expected to produce phase-separated microdomains in which highly 

polarizable and conductive OANI+PAMPSA domains are dispersed in an insulating PMA 

matrix. Thus, under applied electric field, electronic polarization is expected to occur at 

the PMA-PAMPSA interface. The high interfacial area of micro-phase separated domains 
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amplifies the polarization, leading to high dielectric permittivity (Figure 4.3). In order to 

target various morphologies, a series of PAMPSA-b-PMA diblock copolymers (Table 4.1) 

were prepared by changing molecular weight of PMA block while keeping molecular 

weight of PAMPSA macroinitiator the same. All OANI-doped PMA-b-PAMPSA 

copolymers were synthesized and characterized (1H-NMR, GPC, and UV-vis spectra) by 

Dr. Christopher Hardy [50, 95]. 

 

Figure 4.2. Synthesis of block copolymer PAMPSA-b-PMA by RAFT [50]. 

 

Figure 4.3. Nanodielectric materials using microphase-separated block copolymers 
consisting of an insulating poly(methyl acrylate) matrix, and dispersed and conductive 
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domains formed via ionic interactions between poly(2-acrylamido-2-methyl-1-pro-
panesulfonic acid) segment and oligoaniline. Adapted from reference [50]. 

Table 4.1. Characterization of poly-(2-acrylamido-2-methyl-1-propanesulfonic acid)–b-
Poly (methyl acrylate)   (PAMPSA-b-PMA) polymers, NMR and GPC characterization 
performed by Dr. Christopher Hardy. Table is adapted from reference [50]. 

Materials  DPPAMPSA  

(NMR)  

DPPMA  (NMR)  (g/ mol, NMR)  (wt%) PAMPSA  PDI (GPC)  

0 48 -- 9900 100 1.18 

1 48 392 43,600 23 1.21 

2 48 785 77,400 13 1.30 

3 48 1927 175,600 6 1.42 

 

4.2.2. FILM PREPARATION AND DIELECTRIC CHARACTERIZATION 

Polymer samples were dissolved in dimethylformamide (DMF) at concentrations 

of 0.168 g/mL (undoped copolymers) or 0.034 g/mL (doped, washed copolymers) and 

poured into heavy- gauge aluminum pans. The solvent was removed by evaporation at 

70°C under reduced pressure (125 mm Hg absolute) for 24 h. This temperature and 

pressure accelerated the evaporation of DMF (153°C normal boiling point) without 

producing solvent bubbles. After solvent evaporation, all films were annealed at 120°C 

in air for 24 h and then cooled for another 24 h. For copolymers 1-3 (listed in Table 4.1), 

these procedures resulted in films with uniform thickness and free of bubbles, cracks, or 

other defects. Film thicknesses were measured at multiple positions with a micrometer; 
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measured thicknesses ranged from 4 to 30 μm. Strips of aluminum pan bearing 

copolymer films were cut using scissors. The aluminum pan served as the bottom 

electrode for dielectric measurements. Circular gold electrodes (area 1.13 cm2) were 

deposited on the films’ top surfaces by sputter coating in an argon atmosphere through 

a shadow mask. 

Impedance spectroscopy was used to measure the low-field dielectric properties 

(complex permittivity and conductivity). The details of these measurements and the 

analysis of the data are described in chapter 2 (section 2.2.1). 

4.2.3. DIELECTRIC PROPERTIES: RESULTS AND DISCUSSION 

The dielectric properties of the undoped PAMPSA-b-PMA block copolymers, as 

well as the copolymers doped with OANI and oxidized with ammonium persulfate, are 

compared in Figure 4.4. The relative permittivities of undoped block copolymers with 

varying PAMPSA weight percent are shown in Figure 4.4A. Undoped copolymer 1 (23 

wt% PAMPSA) has a high relative permittivity at low frequencies, but the permittivity 

falls sharply with increasing frequency. This curve shows significant polarization 

relaxation (permittivity decrease) at intermediate frequencies, indicating relaxation of 

Maxwell-Wagner interfacial polarization [5] associated with buildup of space charge at 

domain interfaces. The high polarization at low frequencies could be due to the high 

concentration of sulfonic acid protons from the PAMPSA block, which migrate and 

accumulate at internal domain boundaries. As the frequency of the applied field 
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increases, charge migration can’t keep up with the oscillating electric field. For this 

reason relative permittivity (εr) decreases as frequency increases. 

 Copolymer 2 (13 wt% PAMPSA) and 3 (6 wt% of PAMPSA) show different 

behavior compared to copolymer 1. The relative permittivities of copolymers 2 and 3 

are much lower than that of copolymer 1 at low frequency. The permittivities of 

copolymers 2 and 3 are nearly frequency independent below 200 kHz and 10 MHz, 

respectively. The results show the permittivity values decrease with PAMPSA content 

due to reduced numbers of proton available for polarization. However, the differing 

frequency dependence could be due to differences in copolymer polarizable domain size 

and morphology. With the decrease of PAMPSA content from 13 wt% to 6 wt%, 

PAMPSA domain sizes are anticipated to decrease accordingly. For smaller and isolated 

domains, one might expect polarization to be saturated across a wide frequency range, 

and thus relaxation of interfacial polarization is expected to move to higher frequency.   

Figure 4.4B shows the frequency-dependent relative permittivity of PAMPSA-b-

PMA copolymers doped with OANI, oxidized with ammonium persulfate, and then 

dialyzed to remove salts. Among all the copolymers, copolymer 1 containing highest 

PAMPSA content (23 wt %) shows the greatest impact of OANI doping. The relative 

permittivity below 200 kHz for OANI-doped copolymer 1 (Figure 4.4B) is much lower 

than that of undoped copolymer 1, which is likely to be due to absence of sulfonic acid 

protons in the former. However, the impact of OANI doping on copolymer 2 and 3 is 

significantly different. Below 200 kHz, OANI doping decreases the permittivity of 
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copolymer 2 by 10-20% compared to the undoped state, while it increases the 

permittivity of copolymer 3 by 10-20%. These differences in results between undoped 

and OANI-doped copolymers could be combination of different factors, including the 

effects of sulfonic acid protons, conjugation, etc. All of the OANI-doped copolymers 

show higher relative permittivities than the corresponding undoped copolymers at 

frequencies above 500 kHz. This suggests that the OANI-doped PAMPSA domains are 

primarily responsible for the higher permittivity values at high frequencies.  

  

Figure 4.4. Relative permittivity versus frequency for (A) undoped PAMPSA-b-PMA block 
copolymers and (B) OANI-doped PAMPSA-b-PMA block copolymers after the removal of 
salts. Label 1, 2, 3 denote PAMPSA-b-PMA copolymers containing 23, 13, and 6 wt % 
PAMPSA, respectively (Table 4.1). 

The loss tangent values of undoped PAMPSA-b-PMA block copolymers (Figure 

4.5A) increase significantly with increasing PAMPSA wt%. Copolymer 1 (containing 23 wt 

% PAMPSA) has loss tangent above 0.5 and increases with frequency, suggesting that 

this copolymer behaves more like a conductor than capacitor. This is more apparent in 

conductivity measurement of these materials shown in Figure 4.6A. In contrast, 

copolymer 2 has loss tangent below 0.2 up to 100 kHz, while copolymer 3 has loss 
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tangent below 0.2 up to 1.5 MHz. These materials behave more like capacitors at low 

frequencies, despite the polarization produced by ionic migration results in significant 

dielectric loss. The high dielectric losses at high frequencies may be due to the 

interaction of the PAMPSA anion with the applied electric field, which activates a 

molecular relaxation process resulting in increased loss tangent. The increase in loss 

tangent with increased PAMPSA content supports this hyposthesis. 

The dielectric loss behavior of the OANI-doped copolymers (Figure 4.5B) is much 

different than that of the undoped copolymers. The loss tangent of OANI-doped 

copolymer 1 decreases significantly compared to that of the undoped copolymer 1 at all 

frequencies. Similarly, Above 100 kHz, OANI-doped copolymer 2 shows a dramatic 

decrease in loss tangent compared to undoped copolymer 2. Unlike the undoped 

materials, all OANI-doped copolymers behave like capacitors at frequencies up to 1 

MHz. These results are likely explained by the absence of sulfonic acid protons in the 

OANI-doped materials. The conductivity data of the OANI-doped copolymers (Figure 

4.6B) provide additional support to this explanation. OANI-doping significantly reduces 

the conductivities of copolymers 1 and 2 compared to the respective undoped 

copolymers for frequencies greater than 100 kHz. The difference in the loss tangents for 

undoped and OANI-doped copolymer 3 is negligible, probably due to low content of 

PAMPSA (6 wt%) and OANI. Overall, the significant changes in permittivity and loss 

behavior between undoped and OANI-doped copolymers 1 and 2 suggest presence of 

isolated, conjugated domains in the OANI-doped copolymers. These domains may result 

in different polarization and loss mechanisms that dominate at high frequencies.  
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Figure 4.5. Loss tangent (dielectric loss) versus frequency for (A) undoped PAMPSA-b-
PMA block copolymers and (B) OANI-doped PAMPSA-b-PMA block copolymers after the 
removal of salts. Labels as in Figure 4.4 

  

Figure 4.6. Conductivity versus frequency for (A) undoped PAMPSA-b-PMA block 
copolymers and (B) OANI-doped PAMPSA-b-PMA block copolymers after the removal of 
salts. Labels as in Figure 4.4 

4.2.4. CONCLUSIONS 

Oligoaniline-doped supramolecular block copolymers exhibited higher 

permittivity and much lower dielectric loss compared to undoped block copolymers, 

suggesting dominant polarization of the microphase domains. However, this approach is 

limited, as the sulfonic acid on the side chain of the block copolymer is the only possible 
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dopant for the oligoaniline. Unfortunately, these all the block copolymers manifest 

dielectric loss (loss tangent) greater than 5%, which is unacceptable for dielectric energy 

storage applications. 

 

4.3. POLYSTYRENE END-CAPPED WITH OLIGOANILINE BLOCKS
❹ 

4.3.1. POLYMER ARCHITECTURE 

This may be a low cost approach to enhance the dielectric permittivity of 

commodity polymers, which has not previously been considered as a way to produce 

high performance dielectric capacitor materials. In this approach, the ends of 

polystyrene chains are capped with oligoaniline through the click reaction between 

azide-terminated polystyrene and alkyne-containing aniline trimer (Figure 4.7). The 

oligoaniline is then doped with various acids, including hydrochloric acid (HCl) and large 

organic acids such as dodecylbenzenesulfonic acid (DBSA) and camphorsulfonic acid 

(CSA). Because of chemical incompatibility, we expect that highly polar oligoaniline 

(OANI) will self-assemble into nanoscale domains dispersed in a nonpolar polystyrene 

matrix (Figure 4.8). Polystyrene (PS), in this system, serves as an insulating block, 

whereas OANI serves as a conducting block. In principle, delocalization of electrons 

across the π-network of OANI can produce high interfacial polarization upon charge 

displacement, resulting in large dielectric response. By controlling the molecular weight 

of PS, the end-capped polymers can be induced to form nanoscale OANI-rich domains 

embedded in an insulating matrix. Details of synthesis and polymer characterization are 
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described in our published work [51]. All OANI end-capped PS materials were synthesis 

and characterized (GPC, 1HNMR,FT-IR, UV/vis) by Dr. Christopher Hardy [51, 95]. 

 

Figure 4.7. Synthesis of oligoaniline capped polystyrene through the click reaction [51]. 

 

Figure 4.8.  Microphase separation of oligoaniline end-functionalized polystyrene and its 
contribution to increasing dielectric permittivity. Image courtesy of Dr. Christopher 
Hardy [51]. 
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Table 4.2. OANI weight (% ) in different acid doped OANI-ended polystyrene (PS) for two 
different PS molecular weight (MW) [51]. 

Materials Wt (%) OANI/acid  
in PS   

MW 30,000 (g/mol) 

Wt (%) OANI/acid  in 
PS  

 MW 6,000 (g/mol) 

Br-PS-Br 0 0 

OANI-PS-OANI 1.81 7.94 

OANI-PS-OANI doped HCl 1.93 8.41 

OANI-PS-OANI doped DBSA 2.84 12.02 

OANI-PS-OANI doped CSA 2.56 10.91 

 

4.3.2. FILM PREPARATION AND DIELECTRIC CHARACTERIZATION 

Films for dielectric characterization and hysteresis measurements were prepared 

by dissolving polymer samples in toluene (67 mg/mL) and casting in heavy-gauge 

aluminum pans. The solvent was removed by evaporation at 65 °C under slightly 

reduced pressure (635 mmHg absolute) for 24 h, producing films with uniform thickness 

without solvent bubbles, cracks, or other defects. Film thicknesses were measured at 

multiple positions with a micrometer; measured thicknesses ranged from 2 to 25 μm. 

Strips of aluminum pan bearing copolymer films were cut using scissors; the aluminum 

pan served as the bottom electrode for dielectric measurements. Circular gold 

electrodes (area 1.13 cm2) were deposited on the films top surfaces by sputter coating 

in an argon atmosphere through a shadow mask. 
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Impedance spectroscopy was used to measure the low-field dielectric properties 

(complex permittivity and conductivity). Polarization testing was used to measure 

displacement-field (D-E) loops. The details of these measurements and the analysis of 

the data are described in Chapter 2 (Section 2.2).  

4.3.3. DIELECTRIC PROPERTIES: RESULTS AND DISCUSSION 

 Figure 4.9 shows the frequency-dependent dielectric properties of bromine 

terminated polystyrene, polystyrene end functionalized with oligoaniline, and 

oligoaniline doped with various acids. For bromine terminated polystyrene (molecular 

weight 30,000 g/mol), relative permittivity is 2.7 (Figure 4.9A) and is nearly independent 

of frequency. Upon converting the end group from Br to OANI, the permittivity 

increases to 3.5. HCl doping with OANI shows slight permittivity enhancement: the εr 

value is 4.1 and constant all over measured the frequency range. Permittivity 

enhancement is significant with BDSA and CSA doping. BDSA doped polymer shows 

highest εr value of 9 at 1 kHz, which decreases over the measured frequency to 6 at 1 

MHz. CSA doped polymer shows permittivity values decreasing from 12 to 8.8 over the 

same frequency range.  

Similar trends are also observed for lower molecular weight (6,000 g/mol) 

oligoaniline capped PS polymers, but permittivity enhancement is larger (Figure 4.9A’). 

Oligoaniline doping with various acids has significant impact on relative permittivity. The 

HCl-doped polymer shows a permittivity value around 8 independent of frequency. The 

Permittivity value for DBSA doped polymers is 20 at 1 KHz, decreasing as frequency 
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increases to 13.3 at 1 MHz. The highest enhancement of permittivity is observed for 

CSA-doped polymer: the εr values vary from 24.2 to 22.6. This greater enhancement of 

permittivity in lower molecular weight OANI-PS-OANI is due to their higher fraction of 

aniline content (Table 4.2) amplified by  the high concentration of protons from the 

acidic dopant that migrate and accumulate at internal domain boundaries. 

The loss tangents of all the polymers are shown in Figure 4.9 B and B’; the tan δ 

values remain below 0.6 over the frequency range 1 KHz – 1 MHz. Higher molecular 

weight (Figure 4.9B) PS-OANI doped with CSA and DBSA show loss tangent values of 0.6 

and 0.38, respectively at 1 KHz. The loss tangent decreases significantly as frequencies 

increases. The high loss tangents at low frequencies and the frequency dependence 

indicate ionic species migration to the interface is the dominant polarization 

mechanism. For lower molecular weight polymers (Figure 4.9B’), except for PS-OANI 

doped with CSA at lower frequency, all polymers show loss tangent well below 0.1. 

These values of loss tangents are substantially lower than previously reported 

oligoaniline-containing ferroelectric copolymers [96-99]. 

Yang et al. suggests that organic acids produce more charge transfer between 

the dopant and the oligoaniline [100], allowing more electron transfer, and ultimately 

enhanced conductivity. Figure 4.9 C and C’ show that polymers containing oligoaniline 

unit doped with large acids (DBSA and CSA) manifest higher levels of conductivity than 

the OANI-PS-OANI doped with the small acid HCl. 
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Figure 4.9. Effect of acid doping on frequency dependent relative permitivity A) and A’), 
loss tangent B) and B’) and conductivity C)and C’) for 30,000 (g/mol) and 6,000 (g/mol) 
molecular weights, respectively. 
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Polarization measurements at low to moderate field are shown in Figure 4.10. PS 

homopolymer shows linear polarization behavior, as expected. All of the acid doped 

OANI-capped PS polymers show significantly higher polarization than PS homopolymer.  

From the polarization (D-E) loops in Figure 4.10, we may calculate stored energy 

densities values according to equation (1.3). The stored energy density of acid-doped 

OANI-capped PS, relative to that of pure PS homopolymer measured at the same 

electrical field, is shown in Figure 4.11. The higher molecular weight polymers (Table 

4.2) containing 2-3% OANI have stored energy densities 4-8 times higher than that of 

pure PS homopolymer. For lower molecular weight polymers doped with CSA and DBSA, 

and having 11-12% OANI, the relative energy density increased up to 10-12 times that of 

PS. However, lower molecular weight polymer doped with HCl has different 

characteristics.  It shows decreased stored energy density relative to higher molecular 

weight PS, although its energy density is still twice as large as the energy density stored 

in pure PS homopolymer at the same applied field. This trend is apparent in Figure 

4.10A. 

The significant enhancement of permittivity of OANI-capped PS could be 

explained by the presence of OANI-rich domains dispersed in the PS matrix. The 

formation of these nanoscale domains would significantly enhance the interfacial area 

of highly polarizable nanodipoles. This hypothesis could be further supported by the 

higher permittivity of low molecular weight PS than that of higher molecular weight PS 

when doped with same reagents, as the weight fraction of OANI plus dopant in the 
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lower molecular weight PS is in the range of 8-12 wt%, which is sufficient to have 

nanoscale phase-separation between chain ends and PS matrix.  However, this phase-

separation would be much less prominent in high molecular weight PS as the weight 

fraction of OANI plus dopant is only around 2 wt%, which would lead to total 

disorganized systems.  To support this hypothesis, ❺SAXS was performed on various 

acid-doped OANI-capped PS polymers with two different molecular weight of PS.  For 

the high molecular weight polymers, no ordered peaks were observed, as shown in 

Figure 4.12 A.  Given that higher molecular weight polymers (30,000 g/mol) have only 2 

wt% oligoaniline/acid dopant, these polymers probably formed highly homogeneous 

systems.  However, for the low molecular weight polymers (6,000 g/mol), a weak 

correlation peak at the 5 nm length scale (d = 2π/q) was observed (Figure 4.12B).  Since 

there were no additional higher order peaks present, these polymers did not form well-

ordered nanodomains of oligoaniline/acid dopant complex, but rather disordered 

domains with rough interfaces between them and polystyrene matrix.  Nevertheless, 

these highly polarizable nanodomains led to significant enhancements in dielectric 

permittivity. 
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Figure 4.10. Polarization versus applied electric field for PS and OANI-capped PS dopped 
with (A) HCl, (B) DBSA, and (C) CSA. Measurments are carried out at 100 Hz cycle 
frequency. Solid line denotes PS molecular weight 6,000 g/mol; dotted line denotes PS 
molecular weight 30,000  g/mol. 
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Figure 4.11. Stored energy density ratio                    measured at the same 

applied field strength and frequency. All the measurements were carried out at 100 Hz 
frequency, and energy density was determined at 12.9 kV/cm field strength.  

 

 

 

Figure 4.12. SAXS plots  for PS and OANI-capped PS dopped with  HCl, DBSA, and CSA A) 
for PS molecular weight 30,000 g/mol, B) for PS molecular weight 6,000 g/mol [51]. 

4.3.4. CONCLUSIONS 

The formation of nano-scale domains leading to significant enhancement of 
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organic acids an order of magnitude increase in permittivity and energy storage capacity 

relative to pure polystyrene, while maintaining a relatively low dielectric loss, especially 

in the high frequency range.  This simple and novel strategy could be utilized to improve 

dielectric properties of many other commodity polymers. 

 

4.4. TERTHIOPHENE-CONTAINING METHACRYLATE POLYMERS
❻ 

4.4.1. POLYMER ARCHITECTURE 

This section describes the investigation of terthiophene-containing polymers as 

high performance nanodielectric materials with high permittivity and low dielectric loss 

across wide frequency range (100 Hz-4 MHz). Specifically, methacrylate polymers 

carrying terthiophene oligomers as side chains have been designed. The first step 

(Figure 4.13) is the synthesis of the monomer terthiophene ethyl methacrylate (TTEMA). 

RAFT polymerization of this monomer produces poly (terthiophene ethyl methacrylate), 

abbreviated henceforth as PTTEMA. 

The hypothesis of this work is that we expect the terthiophene side chain to self-

organize to form nanoscale, conjugated, electrically conductive domains dispersed in an 

insulating polymer matrix consisting of the methacrylate polymer main chain (Figure 

4.14). Although we do not yet have full information on nanostructures in these 

polymers, the dielectric properties are consistent with what one might expect for 

nanodielectric materials with high energy storage dominated by electronic conduction 

and interfacial polarization. Two different molecular weight homopolymers (Table 4.3) 
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were synthesized and their dielectric properties and energy storage performance were 

characterized and compared. Details of the synthesis and characterization of this these 

polymers are described in our published work [54]. All synthesis and polymer 

characterization measurements were performed by Dr. Yali Qiao [54]. 

 

Figure 4.13. Synthesis of terthiophene ethyl methacrylate (TTEMA) and its polymer 
(PTTEMA) by RAFT [54]. 

 

Figure 4.14. Illustration of the hyposthetical nonoscale structure of PTTEMA and its 
polarization under an applied eletric field. Image courtesy Dr. Yali Qiao [54]. 
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Table 4.3. Molecular weight information and thermal properties for  two PTTEMA 
homopolymers [54]. 

Polymer  DP Mn 

(g/mol)  

Mn  

(g/ mol) 

PDI Trecryst 

(oC)  

-ΔHc (J/g)  Tm.p. 

(oC)  

-ΔHm (J/g)  

PTTEMA61  61  22,300  10,300  1.28  111.2  17.6  137.3  15.0  

PTTEMA180  80  64,900  27,100  1.29  117.7  18.0  142.5  18.6  

 

4.4.2. FILM PREPARATION AND DIELECTRIC CHARACTERIZATION 

Films for dielectric characterization were prepared by dissolving polymer 

samples in chloroform (34 mg/mL ) and casting in heavy-gauge aluminum pans. The 

solvent was removed by evaporation at 70°C under reduced pressure (635 mm Hg 

absolute) for 24 h without any post-treatment (thermal annealing). Such procedures 

resulted in films with uniform thickness and free of bubbles, cracks, or other defects. 

Film thicknesses were measured at multiple positions with a micrometer, in the range of 

3-20 µm. Strips of aluminum pan bearing homopolymer films were cut using scissors; 

the aluminum pan served as the bottom electrode for dielectric measurements. Gold 

was sputter-coated under argon atmosphere through a shadow mask to deposit circular 

gold electrodes (area 1.13 cm2) on the films’ surfaces. The films’ complex impedance 

was measured at varying frequency (typically 100 Hz to 1.2 MHz) using an impedance 

analyzer as described in chapter (section 2.2.1). Measurements were carried out on 3-5 

specimens of each sample to ensure reproducibility. Polarization testing was used to 
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measure displacement-field (D-E) loops. The details of these measurements and data 

analysis are described in Chapter 2 (Section 2.2.2) 

4.4.3. RESULTS AND DISCUSSION 

4.4.3.1. POLYMER PHYSICAL CHARACTERIZATION 

Some key characterization experiments were performed by our chemistry 

collaborators that will provide evidence of nanoscale domain formation in PTTEMA 

homopolymers. Differential scanning calorimetry (DSC) and wide angle X-ray diffraction 

(WXRD) measurements were performed to acquire information about microstructure in 

PTTEMA polymers. 

These experiments were carried out primarily by Dr. Yali Qiao. Experimental 

details may be found in our publication [54]. DSC curves (Figure 4.15) show clear melting 

and crystallization processes for both PTTEMA homopolymers. The crystallization 

temperature of PTTEMA increased with molecular weight, from 111.2°C for PTTEMA61 to 

117.7°C for PTTEMA180 (Table 4.3). Melting temperatures showed a similar trend with 

varying molecular weight. These results suggest that terthiophene side chains might 

interact to form crystalline domains in presence of amorphous methacrylate polymer 

backbones. The ΔHm value of PTTEMA180 (18.58 J/g) is larger than that of PTTEMA61 

(15.04 J/g), which indicates the degree of crystallinity of PTTEMA with higher molecuar 

weight should be higher than that with lower molecuar weight. 

WXRD profiles (Figure 4.16) show similar patterns for both the homopolymers: a 

relatively strong peak at 19° (2θ) with two higher order peaks located at 26° and 41°. 
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The asymmetry and rather sharp main peak suggests it is not a solely an amorphous 

halo, but rather diffraction from a mixture of amorphous and crystalline structures. 

Further deconvolution of WXRD profiles [54] indicates four peaks: the  sharpest peak 

probably originates from crystalline domains, and other three peaks are associated with 

amorphous polymethacrylate. The crystalline domain sizes are estimated from 

Scherrer’s formula  equation (2.1) [55, 56]. The calculated crystal sizes are 1.82 nm and 

1.46 nm for PTTEMA61 and PTTEMA180, respectively. Such small crystalline domains are 

in sharp contrast with conventional semi-crystalline polymers. The reason for the 

formation of such remarkably small crystalline domains could be due to partial crystal 

formation from terthiophene segments in amorphous PMA matrix. Because the pendant 

terthiophene groups were attached separately onto the polymer backbone, the size of 

the crystallites was suppressed by the limited accessibility of the adjacent terthiophene 

segments [101]. 
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Figure 4.15. DSC profiles of terthiophene-containing PTTEMA polymers (second heating 

and cooling cycle). 
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Figure 4.16. WXRD patterns of terthiophene-containing PTTEMA polymers. 

4.4.3.2. DIELECTRIC PROPERTY CHARACTERIZATION 

Figure 4.17A shows the frequency-dependent relative permittivity of PTTEMA 

homopolymers. The relative permittivity of the lower molecular weight PTTEMA61 was 

higher than that of PTTEMA180. PTTEMA61 has relative permittivity ranging from 11.4 to 

10.2 (as frequency decreases), while PTTEMA180 has relative permittivity ranging from 

9.3 to 8.2. Both polymers show εr values that are almost constant over a broad 

frequency range (1 kHz to 1 MHz), which is remarkable compared to widely used PVDF 

homopolymer and copolymers. One might expect the smaller crystal size and slightly 

higher degree of crystallinity (-ΔHc,Table 4.3) in PTTEMA180 would result in higher 

relative permittivity. However, PTTEMA61 has higher conductivity compared to 

PTTEMA180 (Figure 4.17C). Consequently, despite small difference in the degree of 
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crystallinity and crystal size for the two polymers, the discrepancy in conductivity has an 

obvious effect on the dielectric response in terthiophene containing polymers.   

The loss tangent curves for both PTTEMA homopolymers are shown in Figure 

4.17B. For both polymers, the loss tangent values are below 0.02. Such a low dielectric 

loss over wide frequency range with this high relative permittivity is striking, suggesting 

very fast dipole relaxation in PTTEMA’s small crystalline domains. 
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Figure 4.17. Frequency dependent relative permittivity A), loss tangent B), and 
conductivity C) for therthiophene–containing PTTEMA polymers. 

Polarization response and energy storage performance were characterized by 

our Penn State collaborators and published in our paper [54]. Figure 4.18 shows typical 

D-E loops for terthiophene-containing PTTEMA homopolymers. Both homopolymers 

(PTTEMA61 and PTTEMA180) show nearly linear electric displacement with applied field, 

which resembles the response of polymers such as BOPP and PE [8, 11, 54]. Compared 

with PTTEMA180, the lower molecular PTTEMA61 shows higher displacement at the same 

applied field: displacement is 0.013 C/m2 for PTTEMA61 and 0.012C/m2 for PTTEMA180 at 

150MV/m, which is consistent with relative permittivity results. The highest attainable 

electric displacement for PTTEMA61 is 0.013 C/m2 and 0.016 C/m2 for PTTEMA180 at 

150MV/m. Both displacements are significantly higher than values for commercial BOPP 

capacitors under same applied field (less than 0.005C/m2 at 200 MV/m) [8, 9]. 

Calculated stored energy densities from equation (1.3) are shown in Figure 4.19. 

Stored energy density shows the similar behavior: the lower molecular weight PTTEMA61 

homopolymer has larger energy density values compared to the higher molecular 
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weight PTTEMA180 at the same applied field. However, higher molecular weight polymer 

is able to withstand higher applied fields. Thus PTTEMA180 exhibits higher energy storage 

capacity compared to PTTEMA61. PTTEMA180, for example, reaches stored energy 

density of 1.56 J/cm3, which is much higher than most homopolymers at the same 

applied field. Notably, this increase in stored energy density for PTTEMA180 

homopolymer is not accompanied by higher dielectric loss.  
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Figure 4.18. Unipolar electric displacement – electric field (D-E) loops for terthiophene-
containing PTTEMA polymers as measured by Kuo Han, and Qing Wang at Pennsylvania 
State University; reproduced from reference [54]. 
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Figure 4.19. Stored energy density as a function of applied field for terthiophene-
containing PTTEMA polymers. Values determined from integration of D-E data, 
calculated by Kuo Han, and Qing Wang at Pennsylvania State University; reproduced 
from reference [54]. 

4.4.4. CONCLUSIONS 

Π-conjugated terthiphene-containing polymers exhibit high relative permittivity 

(comparable to PVDF) with very low dielectric loss. The nanoscale crystalline domains 

(<2nm) facilitate nearly linear charge and discharge cycles as seen in the measured D-E 

loops. Lower molecular weight homopolymer (PTTEMA61) shows higher energy storage 

capacity compared to higher molecular weight polymer (PTTEMA180) at the same 

applied field. However, because of its higher breakdown strength, PTTEMA180 exhibits 

higher overall energy storage performance, 1.56 J/cm3 at 200MV/m, higher than most 

homopolymers at the same applied field. This is a novel homopolymer is thus promising 

for energy storage applications; tuning crystal size, percentage crystallinity, and 

molecular weight might offer superior performance.  
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 4.5 TERTHIOPHENE-CONTAINING COPOLYMERS AND HOMOPOLYMER BLENDS 

4.5.1. INTRODUCTION 

After discovering that PTTEMA homopolymer [54] can serve as a high 

performance dielectric material (εr > 10, and tan δ < 0.02), a significant effort has been 

made to decipher the polarization mechanisms responsible for these properties. Several 

critical questions should be answered before we carry out further material 

development. First, which aspect dominates dielectric performance: nanoscale 

crystalline domains (<2nm), or just the presence of terthiophene in the polymer 

architecture? Second, is there any advantage of the block copolymer architecture of 

PTTEMA-b-PS compared to simple blends of PTTEMA and PS homopolymers? To answer 

these questions, the dielectric properties of PTTEMA-b-PS and PTTEMA/PS blends with 

varying PTTEMA wt % have been prepared and characterized using low voltage 

impedance spectroscopy and high voltage polarization measurements.  

PTTEMA homopolymer and block copolymers (PTTEMA-b-PS) were prepared by 

RAFT polymerization (Figure 4.20). The PTTEMA contents in these block copolymers 

were varied by changing PS block size (Table 4.4). All PTTEMA homopolymers and 

PTTEMA-b-PS copolymers were synthesis by Dr. Yali Qiao. Dr. Qiao also carried out 

polymer physical characterizations. PS homopolymer obtained from Sigma-Aldrich, USA. 

The PTTEMA/PS homopolymer (Table 4.5) blends were prepared by solution blending in 

THF as described below. 
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Figure 4.20. Synthesis of monomer TTEMA and its RAFT polymerization to produce block 
copolymer P3TEMA-b-PS (courtesy of Dr. Yali Qiao). 
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Table 4.4. Molecular weight information for PTTEMA-b-PS block copolymers. 

Polymer PTTEMA Mn,  (DP) 

(g/mol) 

PS Mn, (DP) 

(g/mol) 

PDI 

(GPC) 

TTEMA 

wt% 

PTTEMA58-PS901 20,900 (58) 93,700 (901) 1.22 18 

PTTEMA58-PS304 20,900 (58) 31,600 (304) 1.29 40 

PTTEMA58-PS136 20,900 (58) 14,100 (136) 1.28 60 

 

Table 4.5. Molecular weight information’s of homopolymers for TTEMA wt % target in 
blends. 

 

 

4.5.2. FILM PREPARATION 

Films for dielectric property and polarization measurements were prepared by 

solution blending using THF. PTTEMA homopolymer and PTTEMA-b-PS copolymers were 

dissolved in THF (10 mg/ mL) and sonicated for 2-3 hours. Polymer blend samples were 

prepared in two steps. First, a measured amount of PS (depend on the wt % target) was 

added to THF (10 ml generally) and sonicated for 3-4 hours until completely dissolved. 

Second, a desire amount of PTTEMA homopolymer (again depending on wt % target) 

Polymer  PTTEMA Mn,  (DP)  

(g/mol )  

PDI 

(GPC)  

PTTEMA58  20900 (58)  1.18  

PS  192,000 (**)  **  



 

75 

was added to the solution and sonicated another 2-3 hours. For all the samples, the 

resultant solutions were poured into heavy-gauge aluminum pans. The THF was 

removed by evaporation at 44°C under reduced pressure (635 mm Hg absolute) for 

about 3 h without any post-treatment (thermal annealing). This resulted in films with 

uniform thickness and free of bubbles, cracks, or other defects. Film thicknesses were 

measured at multiple positions with a micrometer and had thickness in the range of 3-

15 µm. Strips of aluminum pan bearing polymer or composite films were cut using 

scissors. The aluminum pan served as the bottom electrode for dielectric 

measurements. Gold was sputter-coated under argon atmosphere through a shadow 

mask to deposit circular gold electrodes (area 1.13 cm2) on the films’ top surfaces. Most 

of the polymer blend films spontaneously piled off the Al pan; in those cases gold 

electrodes were sputtered on both sides of the free standing films. We haven’t observed 

significant variations in dielectric properties due to different electrodes. 

The complex impedance of polymer and composite film samples was measured 

using an impedance analyzer. Polarization measurements at higher applied voltages 

employed a polarization tester. The details of the dielectric properties measurements 

and data analysis are described in chapter 2. 

4.5.3. RESULTS AND DISCUSSIONS 

4.5.3.1 PHYSICAL CHARACTERIZATION 

Differential scanning calorimetry (DSC) and wide angle X-ray diffraction (WXRD) 

measurements were performed to characterize the crystalline microstructure of the 
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block copolymers and polymer blends, aiming to understand the effect of PTTEMA wt 

(%) on the microstructure in both PTTEMA-b-PS copolymers and PTTEMA/PS blends. 

Figure 4.21 shows DSC heating and cooling scan for PTTEMA homopolymer, 

PTTEMA-b-PS copolymers and PTTEMA/PS blends. For the copolymers (Figure 4.21a), 

the heating scans all show an exothermic peak at about 135 - 137°C due to crystallite 

melting. The Tmc values decrease slightly with decreasing PTTEMA wt%. Upon cooling, 

the PTTEMA homopolymer manifest a sharp exothermic peak at Tc =137.3°C due to 

crystallization of the terthiophene domains. The copolymers also have crystallization 

peaks at about the same Tc. This result suggests that the crystalline domains in PTTEMA-

b-PS copolymers have similar single structure, independent of PTTEMA wt%. On the 

other hand, the enthalpy of crystallite melting (-ΔHcm) and crystallization (ΔHc) clearly 

increase with PTTEMA content. This indicates that the amounts of crystalline domains in 

the copolymers are proportional to the PTTEMA wt % as seen Figure 4.22. 

For the PTTEMA/PS blends (Figure 4.21b), the crystallite melting transitions in 

the blends occur earlier in heating scan (at lower temperatures) than that for PTTEMA 

homopolymer. Upon cooling, crystallization occurs later in the cooling scans (at lower 

temperatures) than in PTTEMA homopolymer. This may indicate that the size and 

structure of the crystallite domains in the blends vary with PTTEMA wt%. However, the 

enthalpies of crystallite melting and crystallization (Figure 4.22) are again proportional 

to wt% PTTEMA in the blends. 
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Figure 4.21. DSC curves for a) PTTEMA homopolymer and PTTEMA-b-PS block 
copolymers, and b) PTTEMA/PS polymer blends. 

Table 4.6. Thermal properties of PTTEMA homopolymer, PTTEMA-b-PS copolymers, and 
PTTEMA/PS blends. 

Homo polymers and Block copolymers 

 Tm (°C) -ΔHm  (J/g) Tc  (°C) -ΔHc  (J/g) 

PTTEMA 137.31 16.65 109.23 17.44 

60% PTTEMA 136.53 7.91 111.4 7.996 

40% PTTEMA 136.5 4.947 111.51 4.593 

18% PTTEMA 135.28 1.276 109.6 1.952 

Polymer Blends 

60% PTTEMA 128.72 8.288 101.67 9.702 

40% PTTEMA 131.17 4.34 102.11 5.204 

18% PTTEMA 132.6 1.875 106.2 2.183 

PS 98.02 N.a. 89.43 N.a. 
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Figure 4.22. -ΔHc vs. PTTEMA wt % for PTTEMA-b-PS block copolymers and PTTEMA/PS 
blends. 

As shown in Figure 4.23, the characteristic diffractions peaks for both the pure 

polystyrene and PTTEMA homopolymers are apparent in the WXRD patterns for 

PTTEMA-b-PS block copolymers and PPTEMA/PS polymer blends. The main diffraction 

peak for PTTEMA homopolymer is located at about 2θ = 19°, as reported in our previous 

publication [54]. The crystalline domains in pure polystyrene show characteristic 

diffraction peaks at  2θ angles of about 8.44° and 19.08°, consistent with literature 

values for syndiotactic polystyrene [102-106]. For block copolymers, the intensity of the 

diffraction peaks associated with PTTEMA increased with increasing of PTTEMA content. 

Polymer blends show similar trends with the PTTEMA content change, except 60 wt (%) 

PTTEMA blend. The polymer blend containing 60 wt% PTTEMA shows higher intensity at 

about 7.74°, suggesting macro-phase separation of polystyrene and PTTEMA. 
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 The crystalline domains size can be estimated from Scherrer’s formula [55, 56] 

(equation 2.1), as reported by many other groups [107, 108]. Since the PS diffraction 

peak at 2θ = 19.08° overlaps with the PTTEMA peaks at 2θ =19°, it is difficult to get 

precise B values for calculation in the crystallite size of the PTTEMA/PS polymer blends 

and PTTEMA-b-PS block copolymers. However, for polymer blends, obvious decreases of 

B values are observed with increasing of PTTEMA wt%, indicating larger crystallite size at 

higher PTTEMA wt%. For example, crystallite size increases from 1.379 nm to 2.145 nm 

as PTTEMA content increases from 18 wt% to 60 wt% in PTTEMA/PS blends. PTTEMA-b-

PS block copolymers show very small change ranging from 1.36 nm to 1.43 nm with no 

obvious trends. The formation of larger in crystallite size, domains in PTTEMA/PS 

polymer blends is believed to be related to PTTEMA homopolymer association in 

polymer blends. 
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Figure 4.23. WXRD patterns of PTTEMA-b-PS block copolymers (left column) and 
PTTEMA/PS polymer blends (right column). 

Table 4.7. Crystal size information from WXRD for PTTEMA-b-PS block copolymers and 
PTTEMA/PS polymer blends. 

Homo polymer and PTTEMA-b-PS block copolymers 

 PTTEMA 60% PTTEMA 40% PTTEMA 18% PTTEMA 

t=Crystal size 

(nm) 

1.29433 1.43617 1.17997 1.36604 

PTTEMA/PS Polymer blends 

0 

500 

1000 

1500 

2000 

0 10 20 30 40 In
te

n
si

ty
 (a

.u
.)

 

Two theta (degrees) 

40% PTTEMA 

0 

500 

1000 

1500 

2000 

0 10 20 30 40 In
te

n
si

ty
 (a

.u
.)

 

Two theta (degrees) 

40% PTTEMA  

0 

500 

1000 

1500 

2000 

0 10 20 30 40 

In
te

n
si

ty
 (a

.u
.)

 

Two theta(degrees) 

18% PTTEMA 

0 

500 

1000 

1500 

2000 

0 10 20 30 40 

In
te

n
si

ty
 (a

.u
.)

 
Two theta (degrees) 

18% PTTEMA 

0 

500 

1000 

1500 

2000 

0 10 20 30 40 In
te

n
si

ty
 (a

.u
.)

 

Two theta (degrees) 

PS 

0 

500 

1000 

1500 

2000 

0 10 20 30 40 In
te

n
si

ty
 (a

.u
.)

 

Two theta (degrees) 

PS 



 

81 

  60% PTTEMA 40% PTTEMA 18% PTTEMA 

t=Crystal size 

(nm) 

 2.14533 1.59204 1.37955 

 

Figure 4.24a and 4.24a’ show the frequency-dependent relative permittivities of 

block copolymers and polymer blends, respectively. For pure PS, relative permittivity is 

2.5 and is nearly independent of frequency. For both the PTTEMA-b-PS block 

copolymers and PTTEMA/PS polymer blends, relative permittivity increases with 

PTTEMA wt%. Additionally, these relative permittivities are independent of frequency, 

which is remarkable compared to significant frequency dependence of PVDF-based 

materials [40, 41, 43, 46, 109, 110]. 

The variation of relative permittivity with PTTEMA wt% is more obvious in Figure 

4.24b (measured at 1 KHz) and 4.24b’ (measured at 1 MHz). At lower PTTEMA wt% 

(Figure 4.24b), the block copolymers have higher relative permittivities than the 

polymer blends at the same PTTEMA wt%. However, at higher PTTEMA wt%, we 

observed no significant relative permittivity difference between the block copolymers 

and polymer blends. There may be two reasons for these observations. First, at lower 

PTTEMA wt%, block copolymers with shorter PTTEMA blocks have smaller domains and 

more of them, while in polymer blends, association of PTTEMA chains in the blends may 

give fewer and larger domains (Figure 4.25). Thus, block copolymers with greater 

number of smaller domains produce higher density of polarization, resulting in higher 

relative permittivity. Likewise, polymer blends with fewer larger domains have lower 
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polarization density and thus lower relative permittivity. Second, at higher PTTEMA 

wt%, the advantage of relatively smaller domains in block copolymers are nullified by 

percolation of adjacent domains, resulting in similar relative permittivities for the 

PTTEMA-b-PS block copolymers and PTTEMA/PS polymer blends. 

All of the block copolymers and polymer blends exhibit very low dielectric loss 

(expressed in terms of loss tangent, tanδ Figure 4.26a and a’); tanδ is less than 0.02 in all 

cases. Loss tangent increases with PTTEMA wt%, and reaches a maximum for PTTEMA 

homopolymers. This suggests that even though the loss tangent is quite low, PTTEMA 

introduces an additional loss mechanism in the block copolymers and polymer blends. 

Conductivity measurements are shown in Figures 4.26 b and b’. The conductivity of both 

the block copolymers and polymer blends are quite low, and no statistically significant 

trends are observed. This observation, and the nearly constant values of εr (Figure 4.24a 

and 4.24a’), imply that the additional loss mechanism due to PTTEMA is not associated 

with any ionic conduction. 
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Figure 4.24. Frequency dependent relative permittivity a) PTTEMA-b-PS block 
copolymers, and a’) PTTEMA/PS polymer blends. Relative permittivity change with 
PTTEMA wt% at applied field frequency b) 1KHz and b’) 1MHz. 

 

Figure 4.25. Schematic illustration of proposed Microstructure in PTTEMA-b-PS block 
copolymers and PTTEMA/PS polymer blends with varying PTEMA weight percent. 
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Figure 4.26. Frequency dependent loss tangent and conductivity: (a, b) PTTEMA-b-PS 
block copolymers, and (a’ b’) PTTEMA/PS polymer blends, respectively. 

Polarization testing provides the dielectric behavior of materials at high applied 

electric field. Figure 4.27 a and a’ show typical polarization (D-E) loops for the block 

copolymers and polymer blends. Figure 4.27a shows that block copolymers exhibit 

linear polarization behavior and polarization increase with increasing PTTEMA wt %. 

Polarization behavior for polymer blends (Figure 4.27a’) show similar characteristics: 

polarization increases with increasing PTTEMA wt% in the blends. The linear polarization 

behavior in both the block copolymers and polymer blends suggest very low percentage 

energy dissipation. 

Integration of the D-E loops using equation 1.3 gives stored energy density 

(Figure 4.27b, b’), and percentage energy loss (Figure 4.27 c, c’). PTTEMA homopolymer 
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(Figure 4.27b) cannot withstand high applied electric field; maximum attainable applied 

field is 11 MV/m, much lower than the values measured by our Penn State 

collaborators. their reported values are 150 MV/m for Mw  = 22,300 and 200 MV/m for 

Mw  = 64,900 [54]. There may be several reasons for this difference: lower PTTEMA 

molecular weight (Mw 20,900) difference in film quality, or electrode area. Our previous 

experience suggests that our lower PTTEMA molecular weight could be the dominant 

reason for early breakdown. Polystyrene, on the other hand , can depolarized as high as 

200 MV/m, which is exactly the same as literature values [1, 5].  

As expected, stored energy densities increase with increasing PTTEMA wt% in 

the block copolymers. Block copolymers with higher PS content show increasingly high 

breakdown field strength, resulting in higher stored energy density. For example, block 

copolymer containing 18 wt% PTTEMA shows the highest stored energy density, 0.097 

J/cm3 at 66 MV/m. Polymer blends (Figure 4.27b’) show similar trends, normally that 

stored energy density increases with PTTEMA wt %.The inset represents stored energy 

density at low applied fields (<10 MV/m) providing comparison with PTTEMA 

homopolymer. All of the polymer blends can withstand significantly higher applied 

electric fields compared to the corresponding block copolymers, with the highest field 

value being 168 MV/m for polymer blend containing 18 wt% PTTEMA. As a 

consequence, stored energy densities for polymer blends are much higher than the 

corresponding block copolymers. Among the polymer blends, 18 wt% PTTEMA 

possesses the highest energy density, 0.57 J/cm3 at 168 MV/m, which is twice as high as 

pure polystyrene at the same applied field. 
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Similar to dielectric loss, all the block copolymers show very low percentage 

energy loss. The polymer blends, on the other hand, manifest very irregular loss shape. 

The percentage energy loss varies from 2% for blend containing 18 wt% PTTEMA to 15% 

for the blend containing 40 wt% PTTEMA at 30MV/m applied field. 

Stored energy density ratio at 10 MV/m (Figure 4.28) shows that block 

copolymers can store more energy than polymer blends at higher mass fraction of 

PTTEMA.  
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Figure 4.27. Polarization, stored energy density, and percentage energy loss as a 
functions of applied field for (a, b, c) PTTEMA-b-PS block copolymers and (a’, b’, c’) 
PTTEMA/PS polymer blends, respectively. The arrows indicate that the data for PS 
extended beyond the plotted range of applied field. The inset represents the enlarged 
plot between 0-10 MV/m. 

 

Figure 4.28. Stored energy density ratio (relative to PS homopolymer) measured at 10 
MV/m and 1 kHz cycle frequency for block copolymers (red line), and for polymer blends 
(green line). 

4.5.4. CONCLUSIONS 

The promising dielectric properties of π-conjugated terthiophene-containing 
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governing the energy storage properties. To explore this topic, we prepared series of 

diblock copolymers made of polystyrene and terthiophene-containing methacrylate 

(PPTEMA-b-PS) with varying PTTEMA content, and polymer blends of PTTEMA/PS with 

the same weight fractions of PTTEMA. The block copolymers were prepared by the RAFT 

polymerization method, polymer blends were prepared by simple solution blending of 

constituents. We found that at low PTTEMA wt% block copolymers provide better 

dielectric properties. At higher PTTEMA wt% there is no significant difference in 

properties between block copolymers and polymer blends. In both cases higher content 

of PTTEMA in the polymers results in higher dielectric properties. Polymer blends can be 

tuned to high breakdown strength by simply blending PTTEMA with higher molecular 

weight PS. Achieving this in block copolymers may not be that easy. This engineering 

approach could be generalized, introducing of terthiophene containing polymers in 

insulating polymer matrix for the development of high energy density capacitor 

materials. 

 

4.6 TERTHIOPHENE-CONTAINING POLYMER/ BATIO3 NANOCOMPOSITES
❼ 

4.6.1. MATERIAL DESIGN 

Following  the discovery of Π-conjugated oligothiophene-containing polymer [54] 

as a high performance nanodielectric materials, other approaches are being explored to 

further increase energy storage properties. This section describes a nanocomposite 

strategy [111-113] toward high–performance nanodielectric nanocomposites. 
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Specifically, terthiophene-containing polymer, poly (2-(2, 2’:5’, 2’’-terthien-5-yl) ethyl 

methacrylate (PTTEMA), has been covalently grafted as a polymer shell around barium 

titanate (BaTiO3, or BT) particle cores (Figure 4.29a). PTTEMA polymers with varying 

molecular weight (Table 4.8) were grafted onto the BT surface via surface initiated 

reverse addition fragmentation chain transfer (RAFT) polymerization (Figure 4.30) giving 

particles with varying PTTEMA shell thickness. These “PTTEMA@BT” core-shell 

nanoparticles have been dispersed in a PTTEMA homopolymers matrix. All PTTEMA 

polymers and PTTEMA@BT hybrid nanoparticles were synthesis by Dr. Yali Qiao, who 

also performed all physical characterization of these materials. 

Based on our earlier results (Section 4.4), PTTEMA homopolymers as well as the 

grafted PTTEMA can form conjugated nanoscale domains via self-organization of 

terthiophene side chains. Therefore, the combined PTTEMA homo- and grafted 

polymers form the matrix phases with distinctive kind of nanodipolar structure. The 

ferroelectric ceramic BT nanoparticles also form dipolar domains with larger size 

(diameter ~50 nm) surrounded by PTTEMA’s polymer matrix containing nanometer-

scale domains (< 2 nm) resulting from self organization of terthiophene side chains 

(Figure 4.29b). Nanocomposites were fabricated using these PTTEMA@BT hybrid 

particles with different shell thickness as filler and PTTEMA as matrix (Figure 4.29c).  

This system may have some distinct advantages. First, the PTTEMA grafted 

polymer has exactly the same chemical composition as the PTTEMA matrix, which may 

enhance the dispersion of BT nanoparticles and improve particles-polymer interfacial 

adhesion. Second, the PTTEMA shell may serve as a “dielectric buffer layer” that reduces 
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the permittivity difference between nanoparticles and polymers, promoting more 

homogenous electric field throughout the nanocomposite and leading to higher 

dielectric permittivity, low dielectric loss, and higher stored energy density. 

 

 

Figure 4.29. Illustration of hybrid nanodielectric materials based on terthiophene-
containing polymers: (a) PTTEMA grafted onto BaTiO3 nanoparticles (PTTEMA@BT); (b) 
dual nanodipole architecture based on PTTEMA@BT hybrid nanoparticles; (c) a novel 
nanocomposite system using PTTEMA@BT as fillers and PTTEMA as the matrix. 
Illustration prepared by Dr. Yali Qiao and used by permission. 
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BaTiO3 BaTiO3 BaTiO3

BaTiO3
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Figure 4.30. Synthesis of PTTEMA surface-modified BaTiO3 nanoparticles by RAFT 
polymerization; illustration prepared by Dr. Yali Qiao and used by permission.  

4.6.2. PHYSICAL CHARACTERIZATION  

Following the efficient surface-initiated RAFT polymerization, two PTTEMA 

modified BT nanoparticles (PTTEMA1@BT and PTTEMA2@BT with different degree of 

polymerization) were prepared. A representative 1H NMR spectrum for PTTEMA@BT 

(Figure 4.31) shows all of the characteristic peaks of PTTEMA homopolymer, e.g., 6.5–
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7.3 (terthiophene ring) and 0.5–2.0 ppm (metharylate backbone), providing evidence of 

PTTEMA grafting onto BT. The GPC traces of oligothiophene-containing polymers 

cleaved from the two PTTEMA@BT nanoparticles with different shell thicknesses are 

presented in Figure 4.32. In both cases, symmetric monomodal peaks are observed. The 

molecular weight and molecular weight distribution of graft polymers are summarized 

in Table 4.8. The low PDIs of graft polymers were attributed to the controlled/“living” 

nature of the surface-initiated RAFT polymerization in such systems. 

Figure 4.33a shows thermogravimetric analysis (TGA) results for as-received BT, 

CPDB-anchored BT [Note: 2-Mercaptothiazoline activation of 4-cyanopentanoic acid 

dithiobenzoate (CPDB)], and the two different PTTEMA@BT nanoparticles given in Table 

4.8. The results showed that the graft polymers possess good thermal stability with the 

decomposition onset temperatures at ca. 310~320 °C of 5% weight loss. In addition, the 

TGA measurements exhibited that the weight loss of PTTEMA1@BT and PTTEMA2@BT 

was much larger compared with that of the BT-CPDB. The weight residues of the 

PTTEMA@BT nanoparticles are attributed to BaTiO3 because the PTTEMA would be 

completely degraded at 700 °C. 

Differential scanning calorimetry (DSC) measurements (Figure 4.33b) showed 

that the PTTEMA polymers on the particle surface could still maintain similar melting 

and recrystallization processes to those in their free homopolymers, though the former 

less distinct due to the presence of large fraction of BT nanoparticles. The crystallization 

temperature increased with the increase of molecular weight of the graft polymers, 

from 119.2 °C for PTTEMA1@BT to 121.6 °C for PTTEMA2@BT (data shown in Table 4.8). 
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Additionally, the melting points showed similar tendency with the change of molecular 

weight. Both tendencies of the crystallization temperature and melting point with the 

molecular weight were quite similar to those of the homopolymers we reported earlier 

[54]. These results suggested that the graft polymers could still maintain their thermal 

properties after incorporation onto the BT nanoparticles. Consequently, the formation 

of crystalline domains induced by the interaction between terthiophene side-chains is 

likely to occur in such hybrid systems. 

 

Figure 4.31. 1H NMR spectra of (a) PTTEMA1@BT and (b) PTTEMA homopolymer. 
Measurements performed by Dr. Yali Qiao. 
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Figure 4.32. GPC traces of graft PTTEMA homopolymers that were cleaved from BT 
nanoparticles. Measurements performed by Dr. Yali Qiao. 
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Figure 4.33. a) TGA, and b) DSC curve of surface-modified BaTiO3 nanoparticles. 
Measurements performed by Dr. Yali Qiao. 
 
Table 4.8. Physical characteristics of PTTEMA@BT hybrid nanoparticles. a Obtained from 
GPC results, the graft polymer was cleaved from BT nanoparticles by aminolysis. b 
Calculated from TGA results based on the weight loss of BT-CPDB at 700 °C; Considering 
each particle as a sphere nanoparticle with diameter d = ~50 nm and a density of 5.85 
g/cm3, the calculated graft density is 0.21 chains /nm2. Table prepared by Dr. Yali Qiao. 

Sample  Mn (g/mol)a PDIa Weight loss 

(%)b 

Trecryst 

(°C) 

Tm 

(°C) 

PTTEMA1@BT  22,000 1.12 13.44 119.2 133.2 

PTTEMA2@BT  32,400 1.12 16.21 121.6 137.0 
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The morphologies of the core−shell nanoparticles were characterized by TEM 

(Figure 4.34). Compared with the as-received BT nanoparticles, a stable and dense 

polymer shell was clearly coated on the surface of BT nanoparticles. The thickness of 

oligothiophene-containing polymer shells is about 8−9 nm for PTTEMA1@BT and about 

14−15 nm for PTTEMA2@BT.  

WXRD patterns of PTTEMA-modified nanoparticles (Figure 4.35) were found to 

be very similar to those of the pristine nanoparticles. The absence of diffraction patterns 

from the PTTEMA polymer shell was due to the dominant diffraction peaks from the BT 

nanoparticles. The inset represents the enlarged pattern between 2θ = 43.5° and 46.5°. 

The XRD pattern of PTTEMA@BT fits well with the peak positions of the as-received 

cubic phase BT. Furthermore, only a single diffraction peak at 2θ = 45.2° can be 

observed in the inset, i.e. no split of the (200) peaks around 2θ = 45° can be seen. This 

demonstrates that the surface modification of BT nanoparticles has no influence on the 

phase transition and maintains the characteristics of the cubic phase [114].  

 

Figure 4.34. TEM images of (a) as-received BaTiO3 nanoparticles; (b) PTTEMA1@BT; and 

(c) PTTEMA2@BT (the scale bar is 100 nm). Measurements performed by Dr. Yali Qiao. 
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Figure 4.35. WXRD patterns of as-received BaTiO3 nanoparticles and surface PTTEMA-
modified BaTiO3 nanoparticles (PTTEMA2@BT). Measurements performed by Dr. Yali 
Qiao. 

DSC and WAXD measurements were performed to estimate the crystalline 

microstructure of the PTTEMA@BT based nanocomposites in comparison with that of 

the matrix, aiming at understanding the effects of the inclusion of such hybrid 

nanoparticles on the microstructure of the PTTEMA polymer matrix. As shown in the 

DSC profiles obtained in the cooling scan (Figure 4.36), the crystallization temperature 

(Tc) of all the nanocomposites shifts to lower values, and PTTEMA2@BT based 

nanocomposites with a thicker polymer shell showed a smaller decrease than those 

with a thinner polymer shell at various volume fractions of BT nanoparticles. For 

example, Tc shifted from 113.3 °C for PTTEMA matrix to 93.9 °C and 96.6 °C for 

PTTEMA1@BT and PTTEMA2@BT based nanocomposites with 5 vol% BT nanoparticles, 

respectively. 
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 In addition, the introduction of PTTEMA@BT nanoparticles also led to a 

decrease of the heat of fusion, for instance, changing from 15.25 J/ g for the polymer 

PTTEMA matrix to 5.584 J /g and 6.284 J/ g for PTTEMA1@BT and PTTEMA2@BT based 

nanocomposites containing 5 vol% BT nanoparticles, respectively. The results indicated 

a decrease of the degree of crystallinity resulting from the inclusion of the PTTEMA@BT 

nanoparticles to the PTTEMA polymer matrix. Moreover, there is a successive decrease 

in the heat of fusion as the volume fraction of BT nanoparticles further increased from 5 

vol%, to 10vol%, and further to 20vol%, regardless of the polymer shell thickness for the 

hybrid nanoparticles, indicating a continuous decrease of degree of crystallinity with 

increase of volume fraction of BT nanoparticles in the nanocomposites.  
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Figure 4.36. DSC curves for the surface PTTEMA-modified BT nanocomposites using (a) 
BT@PTTEMA1 and (b) BT@PTTEMA2, including different compositions for each kind of 
nanocomposites compared with pure PTTEMA homopolymer (upper is the exothermal 
direction). Measurements performed by Dr. Yali Qiao. 
 

As displayed in Figure 4.37, although the WAXD patterns of the nanocomposites 

are dominated by the diffraction peaks at a 2θ angle of 22.3°, 31.7°, 39.0°, and 45.3° 

corresponding to cubic phase BaTiO3, a relatively weak and broad peak at a 2θ angle of 

ca. 19° can still be observed, which is attributed to diffractions from PTTEMA polymer 

matrix.[115] After inclusion of PTTEMA@BT nanoparticles, the main diffraction peaks 

become sharper with a dramatically decreased intensity. Theoretically, the crystalline 

domain size can be estimated from Scherrer’s formula,[107, 116]  equation 4.1 .Since 

diffraction peak at a 2θ angle of 22.3° from cubic phase BaTiO3 was partially overlapped 

with that at a 2θ angle of 19° from the matrix, it is difficult to analyze the exact B values 

for calculation of the crystallite size of the polymer matrix in the nanocomposites. 

However, qualitatively, an obvious decrease of the B value for the nanocomposites 
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could be observed when compared with that of the neat polymer matrix, while 

maintaining 2θ angle at nearly the same level. Accordingly, the crystalline domain size 

from the polymer matrix in all the nanocomposites (estimated between 4 ~ 10 nm) 

showed an increase tendency compared with that of the neat polymer matrix (~1.6 nm) 

with the introduction of the PTTEMA@BT nanoparticles. Based on our previous 

work,[115] the formation of crystalline domains in the terthiophene-containing polymer 

is believed to be induced by the interaction and self-organization between terthiophene 

side chains, and the crystalline domain sizes has a close relationship with the probability 

and proportionality of contact of the side-chains. With inclusion of PTTEMA@BT 

nanofillers in the polymer matrix, the terthiophene side-chains in the polymer shell 

grafted on the surface of the nanoparticles increase the probability of accessibility of 

adjacent terthiophene segments either from the surface or from the polymer matrix, 

thus might enhance the proportionality of the interacted side chains, both of which are 

beneficial for formation of larger crystalline domains. However, for both kinds of 

PTTEMA@BT based nanocomposites, the crystallite size from the polymer matrix slightly 

decreased with the increasing of the volume fraction of BT nanoparticles from 5 vol% up 

to 20 vol%. 
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Figure 4.37. WXRD patterns of the surface PTTEMA-modified BT nanocomposites using 
(a) PTTEMA1@BT and (b) PTTEMA2@BT, including different compositions for each kind 
of nanocomposites compared with pure PTTEMA homopolymer. Measurements 
performed by Dr. Yali Qiao. 

4.6.3. FILM PREPARATION  

Composite films for dielectric property characterization were prepared by 

solution blending using THF. PTTEMA was dissolved in THF (35 mg /mL), and BT or 

PTTEMA@BT particles were suspended in THF with 1-2 h sonication.  The solutions were 

blended, sonicated for an additional 30 min, and then poured into heavy-gauge 

aluminum pans. The THF was removed by evaporation at 44°C under reduced pressure 

(635 mm Hg absolute) for about 2 h without any post-treatment (thermal annealing). 

This resulted in films with uniform thickness and free of bubbles, cracks, or other 
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defects. Film thicknesses were measured at multiple positions with a micrometer, with 

values in the range of 3-20 µm. Strips of aluminum pan bearing polymer or composite 

films were cut using scissors.  The aluminum pan served as the bottom electrode for 

dielectric measurements. Gold was sputter-coated under argon atmosphere through a 

shadow mask to deposit circular gold electrodes (area 0.13 cm2) on the films’ top 

surfaces. 

The complex impedance of polymer and composite film samples was measured 

using an impedance analyzer. Polarization measurements at higher applied voltages 

employed a polarization tester. Measurement and data analysis procedures are 

discussed in Chapter 2 (Section 2.2). 

PTTEMA density is assumed to be the same as PMMA, 1.20 g/cm3. BT density 

was provided by supplier (4.85 g/cm3). TGA gave amount of PTTEMA in hybrid 

PTTEMA@BT particles. Using these densities and weight loss data from TGA (Table 4.8), 

conversion from wt% to vol% is made. 

4.6.4 DIELECTRIC PROPERTY CHARACTERIZATION 

Figure 4.38a shows the frequency-dependent relative permittivity of 

PTTEMA@BT/PTTEMA nanocomposites with pristine BT, PTTEMA1@BT and 

PTTEMA2@BT nanoparticles dispersed in PTTEMA homopolymer matrix. In every case, 

upon addition of nanoparticles to the homopolymer matrix results in increase of the 

relative permittivity (εr) compared to that of the homopolymer. These relative 

permittivities are nearly constant over a wide frequency range (1 KHz-1 MHz).This 

observation is remarkable compared to the significant frequency dependence of widely 
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studied nanocomposites based on PVDF homopolymers and copolymer [94, 107, 117-

122].  

Figure 4.38b shows the variation of relative permittivity with BT vol%. As 

expected, εr values increase with BT volume loading, reaching value twice as high 

compared to PTTEMA matrix at 20 volume % BT loading. For all BT vol% loading, εr 

values for composites containing PTTEMA@BT particles were significantly higher than 

those of composites containing pristine BT. Furthermore, εr values for PTTEMA2@BT 

composites (higher MW grafted polymer) are significantly greater than those of 

PTTEMA1@BT composites (lower MW grafted polymer). There may be two reasons for 

these observations. First, the presence of the grafted PTTEMA layers probably promotes 

better dispersion of the BT particles, resulting in more uniform distribution of the 

electric field over BT and thus higher effective permittivity. Second, the grafted PTTEMA 

layers may influence the quantity and the size of the PTTEMA crystalline domains so as 

to increase the density of polarizable dipoles in the polymer domains, resulting in 

increased permittivity. 

All the nanocomposite film exhibits dielectric loss (expressed in terms of loss 

tangent, tan δ, in Figure 4.39) higher than that of pure PTTEMA homopolymer. 

However, these tan δ values are relatively low compared to the values found for 

BT/PVDF composites [119, 120, 122]. The PTTEMA homopolymer has very low loss 

tangent, rising from 0.007 to 0.014 over the frequency range 1 KHz to 1 MHz. The tan δ 

values for all BT/PTTEMA nanocomposites are below 0.03; even though it is quite low, 
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these values are still 2-3 times higher than those for PTTEMA. This suggests that BT 

particles introduce additional loss mechanisms in the polymer nanocomposites. All 

BT@PTTEMA/PTTEMA composites show tan δ values less than 0.02. Considering only 20 

vol% loading samples, composites containing PTTEMA-grafted BT particles have lower 

dielectric loss than composite containing pristine BT particles. However, the tan δ values 

for composites with PTTEMA1@BT and PTTEMA2@BT do not show any significant 

difference. One plausible explanation is that grafted PTTEMA impedes surface diffusion 

of polarized species at the PTTEMA/BT interface. In addition, improved dispersion of 

PTTEMA@BT (relative to pristine BT) in the PTTEMA matrix may play a role in reducing 

dielectric loss. 
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Figure 4.38. Relative permittivity of BT/PTTEMA and PTTEMA@BT/PTTEMA 
nanocomposites and pure PTTEMA homopolymer (a) as functions of frequency and (b) 
as function of vol% BT loading at fixed frequency (1 kHz). 
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Figure 4.39. Loss tangent of BT/PTTEMA and PTTEMA@BT/PTTEMA nanocomposites 
and pure PTTEMA homopolymer as functions of frequency. 

Polarization testing gives dielectric properties at high applied fields. Figure 4.40 

shows typical electric displacement–electric field (D-E) loops. The slopes of the 

composite D-E loops and composite polarizability increase with nanoparticle loading 

(Figure 4.40a). With the increase of applied electric field, 20 vol% PTTEMA2@BT 

composite exhibits a significant amount of hysteresis, indicating charge migration and 

incipient dielectric breakdown. 

Figure 4.40b compares D-E loops for the 20% vol composites prepared with 

different surface treatments. The composite prepared with PTTEMA@BT show higher 

polarization compared to composite prepared from pristine BT particles. Furthermore, 

polarization increases with PTTEMA shell thickness: thicker PTTEMA grafted layer gives 

higher polarizabilies (PTTEMA2@BT > PTTEMA1@BT). These trends become more 

obvious in Figure 4.41a, which shows stored energy densities for pure PTTEMA and 

BT/PTTEMA composites. Stored energy density increases with BT vol% loading; 



 

105 

PTTEMA2@BT/PTTEMA (Figure4.42), stored energy density is nearly 3.5 times that of 

PTTEMA homopolymer. For every vol% BT loading, stored energy density enhancement 

follows the order BT<PTTEMA1@BT< PTTEMA2@BT. Figure 4.41b shows percentage 

energy loss; clearly energy lossiness with the addition of BT. Percentage energy loss for 

PTTEMA is well below 3%; the highest energy loss is observed in composites 20 vol% BT 

loading regardless of surface modification.  These percentage energy losses are 

unexpected, however. With PTTEMA-grafted BT particle, one might expect better 

dispersion of BT particles in PTTEMA polymer matrix, promoting uniform electric field 

distribution through the composite and lower energy loss. Film uniformity and film 

thickness variation might be dominating factors, which could offset the other 

contributions promoting high energy density. However, for most of the composites, 

percentage energy loss remains below 5%, which is promising for high density energy 

storage applications. 
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Figure 4.40. Polarization as a function of applied electric field for (a) pure PTTEMA 
homopolymer and PTTEMA2@BT/PTTEMA nanocomposites containing varying BT 
nanoparticles vol% loading; and (b) pure PTTEMA homopolymer, and BT/PTTEMA, and 
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PTTEMA@BT/PTTEMA nanocomposites contain 20 vol% loading of BT nanoparticles. D–
E loops were measured at 1 kHz cycle frequency. 

 

 

Figure 4.41. a) Stored energy density, and b) percentage energy loss for PTTEMA 
homopolymer, BT/PTTEMA, and PTTEMA@BT/PTTEMA nanocomposites as functions of 
applied electric field.  
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Figure 4.42. Stored energy density ratio (ŴPTTEMA-nanocomposite /Ŵ PTTEMA) measured at 21 
MV/m and 1 kHz cycle frequency. 

4.6.5. CONCLUSIONS 

The novel “dual dipole” architecture based on PTTEMA@BT nanoparticles 

dispersed in PTTEMA has been developed. This approach might give increased number 

density of small crystalline domains compare to PTTEMA homopolymer, resulting in 

higher density of nanoscale polarizable domains. Composites incorporating 

PTTEMA@BT have higher relative permittivity and lower loss over the 1 KHz to 1 MHz 

frequency range compared to composites made from pristine BT. The thickness of the 

PTTEMA grafted layer on BT particles had a significant impact on overall composite 

properties: the higher MW PTTEMA gave a thicker graft layer, and the resulting 

composite (PTTEMA2@BT) exhibited a better dielectric properties than the composite 

made with BT grafted with lower molecular weight PTTEMA (PPTEMA1@BT). The 

relative permittivity increased with BT loading, while the dielectric loss remained low. 

Similar characteristics were also observed for polarization measurements; the dielectric 
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polarization increased with BT vol% loading. Most of the composites showed linear 

polarization-depolarization behavior with low energy loss, similar to that of PTTEMA 

homopolymers. PTTEMA@BT/PTTEMA composite exhibits more than three times higher 

stored energy density than pure PTTEMA at 21 MV/m. With more uniform and smooth 

films, we expect to reach even higher applied fields for this polymer nanocomposite. 

Overall, this novel nanocomposite system simultaneously fulfills the requirements for 

both the high permittivity and low dielectric loss over a wide frequency range (1 KHz-

1MHz), and consequently has great potential for dielectric energy storage. 
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CHAPTER 5 

 MATHEMATICAL MODELING OF NANOCOMPOSITE DIELECTRIC PROPERTIES 

5.1 INTRODUCTION 

To cut down on manufacturing expenses, numerical approaches and computer 

aided simulation has become an indispensable part of science and engineering. In 

particular, Finite Element Method (FEM) analysis has been applied to the design process 

to minimize the development time and anticipate the output patterns. With 

advancements in computer technology, simulation of nanodielectric capacitor to predict 

the real-world results has become a reality. The COMSOL multiphysices empowered 

Finite Element Analysis can calculate the effective properties of the nanocomposites 

easily. Effective properties of the composite can be calculated by modeling the 

permittivity via the Effective Medium Theory and generalized effective medium theory 

(EMT) or other similar mean field theories [86, 123-127]. The EMT utilizes various 

properties of the resultant medium such as shape, size, fraction of inclusions, individual 

dielectric permittivity, conductitivty etc. to calculate the composite effective 

permittivity [128, 129].   
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Previous research [128-137] motivated us to carry out mathematical simulations 

to estimate the importance of the host polymer matrix and filler properties on dielectric 

performance of polymer nanocomposites. Insight gained from modeling studies can lead 

to improved design of high performance dielectric materials for energy storage 

applications. In particular, we would like to visualize the electric field distribution 

throughout the polymer composite microstructure in order to rationalize the effects of 

inclusions on the overall dielectric properties of the composites. COMSOL Multiphysics 

was used for the simulation studies. 

5.2 SIMULATION DESCRIPTION 

 In the COMSOL Multiphysics software, Electric Currents (ec) under AC/DC 

module in stationary study mode was selected as the application module❽. Circular-

shaped filler particle was embedded in a square domain representing the polymer 

matrix to mimic the 2D geometry of a polymer composite. One of the boundaries was 

set to apply a fixed voltage, while the opposite boundary was set as a ground. The other 

two boundaries were set as electrical insulators. For a given set of constitute properties 

defined in sub domain “Global Definitions” a fixed applied voltage (200V in this case), 

COMSOL solves the governing conservation equations to determine the materials 

dielectric properties at the assigned frequency (1 kHz in this case). The parameters 

required for this simulation were the relative permittivity and conductivity of the 

embedded particle and matrix polymer, which were obtained from experimental 

measurements and literature. 
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❽Model progress tree: COMSOL Multiphysics >2D>AC/DC module> Electric 

Currents (ec) >stationary. 

COMSOL solves abbreviated forms of following Maxwell equations [138] for 

polymer composite materials:  

                                                                                                                         

                                          (5.2) 

                                                                             

where J is current density , Q is charge density,   is electric conductivity, Je is 

external current density, which is zero in this case. Other symbols mean usual meaning. 

Boundary conditions: 

Voltage applied port:       

Electric insulation:           

Ground:      

5.3 SIMULATION RESULTS AND DISCUSSION 

As shown in Figure 5.1 and Table 5.1, polymer with higher relative permittivity ( 

  ) provides higher electric energy density, for same filler wt% loading and relative 

permittivity (   ). For example, insertion of 20 wt% filler with    = 500 (Table 5.1) in 

polymer with    = 10 results in electric energy density 13100 J/m3, 5 times higher than 

that obtained from polymer having   = 2. However, change of filler relative permittivity 
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(   ) does not seem to have a significant impact on the overall electric energy density of 

the composites. For order of magnitude decrease in filler relative permittivity, from 500 

to 50 in 20 wt% composite, electric energy density decreases by only 11% (Table 5.1). 

From Figure 5.2, it is more apparent that composites can store the highest density of 

electric energy when both the polymer and the filler have high relative permittivity. This 

suggests that to achieve high performance in dielectric composites, simply inserting high 

dielectric constant fillers does not necessarily results in high stored energy density. 
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Figure 5.1. Distribution of electric energy density in polymer composites containing 20 
wt % filler for different combinations of filler (  ) and polymer relative permittivity (   ) 

including: (a)   =10,   =500; (b)   =2,   =500; (c)   =10,   =50, and (d)   =2,   =50 

 

Table 5.1. Simulation results for polymer composite at different combination of filler 
and polymer relative permittivity. 

Simulation Results at 1 KHz, Polymer conductivity = 1E-8(s/m), and filler conductivity = 1E-

13(s/m) 
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Figure 
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Figure 5.2. Average energy densities in filler, polymer, and overall composite for 
different combination of filler and polymer relative permittivity. 
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CHAPTER 6 

 FUTURE WORK TOWARD NEXT GENERATION OF DIELECTRIC MATERIALS 

6.1 EXPLORE MATERIALS THAT SATISFY BOTH DIELECTRIC AND MECHANICAL PROPERTIES 

Polymethacrylate with terthiophene side chains (PTTEMA) exhibit several 

excellent dielectric properties including high dielectric constant with very low dielectric 

loss, and nearly linear polarization and depolarization cycle. However, PTTEMA 

materials are brittle, and consequently limit their applications as potential high 

performance materials. Improving mechanical strength can improve flexibility and 

robustness, and thus breakdown strength of the material. Block copolymers and 

polymer blends approaches are explored. The potential gain from addition of higher 

mechanical strength segment in block copolymers or polymer blends are counter 

balanced by lower polarization from them and thus resultant polymer gives lower 

overall polarizability. So introducing new segment with inferior polarizability in PTTEMA 

polymer cannot solve this problem completely. 

PTTEMA polymer has methacrylate backbone with terthiophene side chain. From 

our previous study [54], it is clear that terthiophene segment provides higher 
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polarizability and methacrylate segment provides mainly insulation and mechanical 

strength to overall polymer. Now, replacing the methacrylate backbone by tougher and 

high breakdown strength ferroelectric polymeric materials could be another approach 

to solve this issue (Figure 6.1). This approach has advantage over block copolymer and 

polymer blend approach due to the fact that it will not increase mass fraction of lower 

polarizable polymer. With appropriate design, smaller amount of tougher ferroelectric 

polymer segment can provide better mechanical property as well as higher breakdown 

strength. Several candidate polymers with high mechanical property and low dielectric 

loss such as polycarbonate, polystyrene, polyamide-imide and many others can be 

explored.  

In addition, I will continuously search for other novel polymers, block 

copolymers, and tune polymer nanocomposites that satisfy both high dielectric 

properties and ensure good mechanical integrity. I wish to use polyether ether ketone 

(peek), epoxy, and odd number polyamides as polymer matrix to fabricate mechanically 

robust polymer nano composites. 
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Figure 6.1. Suggested schematic diagram for terthiophene-containing (PTTEMA) 
polymers to achieve better mechanical property. 
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