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Abstract 

 

  This thesis is dedicated to developing three different types of ferrocene-containing 

metallopolymers for organic lithium-ion battery and organic resistive memory 

applications. 

  Chapter 1 gives an overview of organic cathode-active materials, polymeric 

resistive memory materials and ferrocene-containing metallopolymers. Furthermore, 

the previously reported applications of ferrocene-containing polymeric systems in 

electrochemical energy storage and electronic memory devices were also 

comprehensively summarized. 

  In chapter 2, conjugated ferrocene-containing side-chain metallopolymers PFcFE1, 

PFcFE2, PFcFE3 and PFcFE4 were designed and synthesized via Sonogashira 

cross-coupling polycondensation. The chargingdischarging processes of 

triphenylamine-based PFcFE1 and thiophene-modified PFcFE4 have been 

successfully studied as cathode materials. PFcFE1 composite electrode showed a 

capacity of 90 mAh g-1 and the cathode composed of PFcFE4 retained over 90% of 

its initial capacity after 100 chargingdischarging cycles at 10 C. These results 

demonstrate the huge potentials of these ferrocene-containing side-chain polymers as 

active cathode materials for organic lithium-ion battery applications. Besides, all 

prepared ferrocene-containing metallopolymers PFcFE1, PFcFE2, PFcFE3 and 

PFcFE4 also exhibited nonvolatile resistive switching behaviors with the flash 

memory effect of PFcFE1, PFcFE2 and PFcFE3 as well as the WORM memory 
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feature of PFcFE4, indicating the easily tunable memory properties by changing the 

chemical structures of the active polymeric backbone. It is also worth noting that the 

ITO/PFcFE1/Al memory device showed a high ON/OFF current ratio of 103 to 104, a 

low switch-on voltage of 1.0 V, a long retention time of 1000 s and a large read cycle 

number up to 105, which is superior to other reported ferrocene-containing memory 

examples. 

  Chapter 3 focuses on the development of non-conjugated ferrocene-containing 

copolymers PVFVM1, PVFVM1-1, PVFVM2, PVFVM3, PVFVM4, PVFVM5 and 

PVFVM6 based on different heteroaromatic moieties which were prepared by 

AIBN-initiated chain addition polymerization. The as-prepared copolymers PVFVM1 

and PVFVM1-1 exhibited electrochemical characteristics of both ferrocene and 

triphenylamine pendants with reversible multiple redox waves at the half potentials of 

E1/2 = –0.06, 0.30, and 0.42 V (vs. Fc/Fc+). Notably, the composite electrode based on 

PVFVM1 afforded a discharge capacity of 102 mAh g–1 at 10 C, corresponding to 98% 

of its theoretical capacity. The cycle endurances of the active polymer electrodes 

composed of PVFVM1 or PVFVM1-1 were both evaluated for over 50 numbers and 

no significant capacity reduction over cycles were observed. On the other hand, initial 

currentvoltage results of memory devices based on PVFVM1, PVFVM1-1, 

PVFVM2, PVFVM3, PVFVM4 and PVFVM6 also revealed their great potentials in 

electronic information storage. The stability and reproducibility of the corresponding 

memory devices based on these materials will be further evaluated in the near future. 

  We used 1,1'-ferrocenediboronic acid bis(pinacol) ester to develop conjugated 
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ferrocene-containing main-chain metallopolymers in chapter 4. All these rationally 

designed metallopolymers FcMMP1, FcMMP2, FcMMP3 and FcMMP4 with one 

or two ferrocene moieties were produced via Suzuki cross-coupling polycondensation. 

Their structural information, molecular masses, photophysical features and thermal 

properties have been well studied. Electrochemical performances of the formed 

polymers were examined to clarify their potentials as cathode-active materials for 

organic lithium-ion batteries. Initial currentvoltage results suggested the flash 

memory behaviors of all the fabricated devices based on these prepared 

ferrocene-containing main-chain metallopolymers and thus proved their feasibilities 

in electronic memory devices. Their charge- and data-storage characteristics for more 

efficient organic battery and memory applications are under further investigation. 
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Chapter 1 Introduction 

 

1.1 Background 

With the continuous technological progress and the constant social development, 

energy and information have been recognized as two major topics in the 21st century. 

How to store energy and information cleanly and efficiently is of crucial importance 

for a sustainable and mobile society.[1, 2] During the past two decades, the vigorous 

enrichment of electronic products and the high popularity of portable devices have 

been stimulating the urgent demand of advanced technologies for electrical energy 

storage (EES) and electronic information storage (EIS). As the typical representative 

devices for EES and EIS are respectively lithium-ion batteries and electronic 

memories, an enormous world-wide effort to develop new materials with excellent 

properties for batteries and memories has been made in both industrial and academic 

communities.[35] In particular, metallopolymers have attracted considerable attention 

recently and organic lithium-ion batteries and organic electronic memories based on 

metallopolymeric materials exhibit striking features including structural diversity, 

processing simplicity, mechanical flexibility and large-scale feasibility, providing key 

strategies for the successful implementation of highly efficient and environmental 

friendly energy and information storage.[69] 

1.2 Organic lithium-ion batteries 

While EES has been explored as long as electricity has been industrially available, the 
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continuous improvement of portable electronic products and the intensive interest in 

environmental friendly electric vehicles are placing a huge burden on energy-storing 

techniques in today's modern society.[10] Equipments for EES are extremely varied, 

and among these different electrical storage technologies, batteries are undoubtedly 

one of the most efficient and reliable devices, which greatly facilitate the conversion 

between electrical power and chemical energy by reversible electrochemical redox 

reactions.[11] 

1.2.1 Categories of batteries 

Batteries can be generally divided into primary batteries and secondary batteries. 

Primary batteries are not rechargeable, while secondary batteries, as opposed to 

primary batteries, could repeatedly convert electrical energy into chemical energy and 

give it back at any required moment. Thus, secondary batteries can be viewed as 

reversible generators and they are also named as rechargeable batteries.[12] 

  The basic concept of batteries is inherently simple and straightforward, chemical 

species that can undergo reversible redox electrochemical reactions may be 

theoretically proposed to construct rechargeable batteries. Currently, the most 

common rechargeable batteries investigated in academia or commercialized in the 

market include the lithium-ion, lead-acid, nickel-metal hydride (Ni-MH), metal-sulfur 

(M-S), and redox flow systems.[1315] 

  As the lightest metal and the least dense solid element, lithium has the lowest redox 

potential (the Li/Li+ couple: 3.05 V, compared to the standard hydrogen electrode) 

and the highest theoretical capacity (3680 mAh g-1). These superior properties offer 
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lithium-ion batteries huge potential to achieve high energy densities and remarkable 

power densities. In the past two decades, rechargeable lithium-ion batteries have made 

spectacular achievements, successfully dominating the market of portable devices.[16] 

1.2.2 Compositions of lithium-ion batteries 

A lithium-ion battery includes three primary components: a lithium anode, a cathode 

and an electrolyte. It is a closed system and the energy storage and conversion 

processes all occur in the same compartment. 

  Despite the high energy density, lithium metal anode suffers from the terrible safety 

problem caused by the lithium dendrite.[17] Lithium dendrites are microscopic fibers 

of lithium which are formed during the repeatedly chargingdischarging process. 

They could sprout from the surface of the lithium anode and spread across the 

electrolyte. An electrical current passing through the dendrites can short-circuit the 

battery, leading it to rapidly overheat and in some cases catching fire. To address this 

issue, many other elements have been investigated for anode materials in the past few 

years. Si, P, Ge, Ga, Mg, Al, Sn, as well as some transition metal oxides and hydrides 

have proven to be available anode candidates for lithium-ion batteries.[18] 

  As to cathode materials, the lithium metal oxides (LixMyOz, M = metal) and 

polyanion-based compounds (LixMy(XO4)z, M = metal, X = P, Si, Mo, W, S, etc.) 

have been extensively studied. The classic LiCoO2 has been established as the most 

successfully commercialized cathode material in lithium-ion batteries. With the high 

gravimetric capacity of 170 mAh g-1, LiFePO4 has also attracted broad attention. 

Notably, more research efforts have been recently paid to the sustainable organic 
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cathode materials, which are recognized as one of the most promising candidates for 

next-generation batteries.[19] 

  Except for the above mentioned electrode system, the electrolyte is also a vital 

component of lithium-ion battery which enables the flow of both electrons and lithium 

ions. An electrolyte is a substance that provides conductivity between the anode and 

the cathode to make the battery work, so the solvent used as electrolyte for a battery 

must be compatible with lithium. Now the most commonly used electrolyte is organic 

carbonate.[20] 

  As electrochemically active materials used as anodes or cathodes normally reveal 

low intrinsic conductivity, and conductive additive, such as graphene,[21] graphite,[22] 

vapor grown carbon fiber (VGCF)[23] or a mesocellular carbon foam[24] has to be 

added. In addition, it is also necessary to use a binder to physically hold the electrode 

together and ensure proper mechanical stability. Currently, inert fluorinated 

polyolefins such as poly(vinylidenefluoride) (PVDF), are the most widely used 

binders.[25] 

1.2.3 Fundamentals of organic cathode materials 

In the research of rechargeable lithium-ion batteries, cathode material is always the 

bottleneck due to the low theoretical capacity compared to that of anode. Meanwhile, 

the conventional metal-based inorganic cathode materials for lithium-ion batteries 

also involve several inherent problems: (1) Resources limitation. The active cathode 

species used in the most commercialized lithium-ion batteries are transition 

metal-containing compounds, such as cobalt, manganese, nickel and vanadium oxides, 
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which are rare and expensive; (2) Environmental concern. The typical recycle 

processing of the used metal-containing cathodes is time-wasting, labor-intensive and 

energy-consuming; (3) Safety issue. During the chargingdischarging process in 

conventional lithium-ion batteries, the lattice- or layer-structure transformation of 

electrodes resulting from intercalating diffusion of lithium ions between the anode 

and metal-oxide cathode may cause heat generation and overheating accident. 

Therefore, cheap, efficient and environmentally benign organic cathode materials are 

urgently needed in the electrical energy storage application.[26] 

1.2.3.1 Working principles 

The cell configuration and the charge transfer process of organic lithium-ion battery 

are shown in Figure 1.1.[27] 

 

Figure 1.1 The cell configuration of organic lithium-ion battery. 
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  In the charging state, the cathode associated with oxidative chemical reactions 

releases electrons and lithium ions which diffuse from the cathode to the anode. 

Correspondingly, the anode associated with reductive chemical reactions gains both 

electrons and lithium ions. While in the discharging state, the cathode and the anode 

just work in an opposite way. During the whole chargingdischarging process, the 

lithium ions reversibly shuttle between the anode and the cathode, so the rechargeable 

lithium batteries can also be named as lithium-ion batteries. Regarding to active 

organic compounds used as cathode materials for lithium-ion batteries, they should 

enable the reversible redox reactions which are related to the charge-state changes of 

organic functional groups in the operation cycles. 

1.2.3.2 Electrochemical performance parameters 

(i) Redox potential 

The stable working voltages of lithium-ion batteries are determined by the redox 

potentials of organic cathodes which normally vary in the range of 2.04.0 V vs. 

Li/Li+. Different organic structures show huge differences in average cell voltages and 

chargingdischarging performances. The redox potentials of organics can be 

optimized to satisfy diverse electronic applications by molecular tailoring, which is 

also one of the most distinguished features of organic cathode materials. The choice 

of substituent adjacent to the functional moiety may strongly influence the 

electrochemical properties. For example, electron-withdrawing groups, such as NO2 

and CF3, commonly lower the redox potential, while electron-donating groups, such 



 

7 

as OCH3 and NH2, will elevate it.[28] 

(ii) Gravimetric capacity 

According to the Faraday's law, the theoretical gravimetric capacity of an organic 

cathode material can be forecasted by the following formula: 

 

  In the equation, Cm, th, n, F and Mw respectively stand for the theoretical gravimetric 

capacity, the number of moles of electrons exchanged in each molecular unit, the 

Faraday’s constant and the molar mass of the structural moiety. The SI unit coulomb 

(C) is defined to measure the amount of electricity which is also evaluated, by force of 

habit, with the product of an intensity (A or mA) for a duration of a certain number of 

hours (h), while electrochemists prefer using the unit ampere-hour (Ah) or 

milliampere-hour (mAh) for lithium-ion batteries (1 Ah = 1000 mAh = 3600 As = 

3600 C). Based on the above formula, there are two efficient routes to improve the 

capacity of organic cathode materials. The first one is to explore the multi-electron 

redox reactions to increase the number of electrons, while the other one is to employ 

the rationally designed organic building blocks to reduce the molecular weight. 
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(iii) Cycle endurance 

The cycle endurance of an organic cathode material for lithium-ion battery is defined 

by the number of chargingdischarging cycles that it can withstand without obvious 

loss of capacity. The cycle stability of organic electrode is greatly affected by the 

solubility of the active material. Small organic molecules are normally dissolved in 

the commonly used electrolytes for lithium-ion batteries, which significantly 

decreases their electrochemical stability. In contrast, polymers likely give larger cycle 

numbers owing to the relatively poor solubility in the electrolyte. 

(iv) Rate capability 

A short chargingdischarging time is vital for portable electronic applications. C-rate 

is a common parameter for indicating the chargingdischarging current within a given 

period of time, expressed as: I (A) = n C (Ah)/1 (h), where I means the 

chargingdischarging current (in amperes) and n C shows the chargingdischarging 

process that can be fulfilled within 1/n hour under a defined potential window.[29] 

Chemical redox kinetics and thermodynamic reversibility are both important factors 

for determining the rate performance of electrode materials. 

1.2.4 Developments of organic cathode materials 

The organic cathode materials can be generally divided into three categories: p-type, 

n-type and bipolar-type (Scheme 1.1). For p-type organics, the redox reaction 

reversibly occurs between the positively charged state (P+) and the neutral state (P), 

while n-type organics undergo the reversible oxidation/reduction between the neutral 
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state (N) and the negatively charged state (N-), and bipolar organics can be regarded 

as either p-type or n-type one. The history of using organic cathode materials for 

lithium-ion batteries is as long as that of the inorganic ones. In recent years, many 

organic structures and redox mechanisms have been investigated. 

 

Scheme 1.1 Three types of organic cathode materials. 

 

1.2.4.1 Conducting polymers 

The idea of using conducting polymer as organic cathode material for rechargeable 

battery was firstly realized in 1981.[30] The intensive studies on cathode-active 

conducting polymers during 1980-90s mainly involved five typical polymers 

including polyacetylene (PAc), polyaniline (PAn), polypyrrole (PPy), polythiophene 

(PTh) and poly(para-phenylene) (PPP) (Figure 1.2). By taking advantage of the 

elasticity and processability of PPy and PTh analogues, Wallace et. al explored the 

flexible all-polymer batteries.[31] 
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Figure 1.2 Representative structures of conducting polymers as cathode materials. 

 

 

Scheme 1.2 The proposed redox mechanisms of conducting polymers. 

 

  Among these polymers, PAc and PPP belong to bipolar organics, while PAn, PPy 

and PTh can be regarded as p-type compounds. Their redox mechanisms are shown in 

Scheme 1.2. As the electrochemical properties of conducting polymers are greatly 

dependent on the doping levels, their electrode performances are severely restricted, 

and the main drawbacks such as low theoretical capacity and self-discharge 

phenomenon, hinder their practical applications in lithium-ion batteries. In recent 
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years, studies on nanostructures and nanocomposites of conducting polymers to 

optimize the surface areas of electrodes have received much interest, and their 

electrochemical properties could be improved by using such kinds of methods.[32] 

1.2.4.2 Organosulfur derivatives 

Three main types of sulfur-containing organics including organodisulfides,[33] 

organopolysulfides[34] and thioethers[35] have been applied in lithium-ion batteries. The 

representative structures of organodisulfides and organopolysulfides are shown in 

Figure 1.3. The disulfide or polysulfide bonds in organosulfides are probably located 

in the main skeletons or in the pendant side chains. 

  With two-electron involved redox centers for potentially high theoretical capacities, 

the electrochemical mechanisms of organosulfides can be expressed in Scheme 1.3. 

During the redox cycles, organosulfides have to undergo the 

electrodimerization/scission, resulting in the sluggish kinetics, and even worse, the 

dissolution problem further impairs their performances in battery fabrication. In order 

to settle these issues, huge efforts have been made and a variety of organosulfides 

with rationally designed structures were synthesized. However, the intrinsic properties 

and inherent drawbacks are difficult to optimize, and their electrode performances are 

still far from practical use. 
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Figure 1.3 Representative structures of organosulfides as cathode materials. 

 

 

Scheme 1.3 The proposed redox mechanisms of organosulfides. 
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  With great interest on organosulfur compounds, researchers then turned their 

attention to p-type thioethers (Figure 1.4), where bond broken and rebuilt are not 

involved in the chargingdischarging process. When applying thioethers as cathode 

materials, Zhan and co-workers obtained much higher capacities than the 

corresponding theoretical values under certain conditions and they ascribed this kind 

of phenomenon to the "thioether-sulfoxide-sulphone" four-electron redox reaction.[35] 

However, an unstable cycling performance and the large reaction polarization were 

also observed. As the detailed mechanism is still not clear, cathode-active thioethers 

remain at their theoretical stage. 

 

Figure 1.4 Representative structures of thioethers as cathode materials. 

 

1.2.4.3 Radical polymers 

Although radicals are bipolar organics, they are commonly used as p-type cathode 
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materials. In 2002, K. Nakahara. et al. firstly employed PTMA, a polyacrylate bearing 

a stable nitroxide (2,2,6,6-tetramethyl piperidine-1-oxyl, TEMPO), as cathode 

material for lithium-ion battery.[36] The revealed notable electron-transfer rate constant 

(surprisingly in an order of 10-1 cm s-1) of nitroxyl radical has soon attracted 

considerable attention on this topic.[37] Among various radical-generated organic 

species for potential cathode materials, oxygen-centered radical polymers were most 

widely and deeply explored (Figure 1.5). 
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Figure 1.5 Representative structures of oxygen-centered radicals as cathode materials. 
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  Despite the high rate capacity and thin film-forming property, two factors of radical 

polymers, the one-electron redox center and the high molecular weight, greatly 

limited their gravimetric capacities. Further optimizations including addition of more 

active radical centers in each structural unit and simplification of the molecular 

architectures turned out to be very challenging in cosynthetic techniques. Currently, 

researches in this field have been in continuous development, aiming for tailor-made, 

printed and green cathode materials.[38] 

1.2.4.4 Carbonyl compounds 

The organic carbonyl can undergo one-electron reversible redox reaction to form a 

radical monoanion (Scheme 1.4). As the electrode materials used in lithium-ion 

batteries, carbonyl compounds can be chronologically divided into small organic 

molecules, organic polymers and organic salts. 

 

Scheme 1.4 The proposed redox mechanisms of carbonyl compounds. 

 

  Early in 1969, dichloroisocyanuric acid (DCA) was employed as a cathode material 

of a primary lithium battery by Williams et al. for the first time.[39] Since then, many 
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scientists tried to explore small carbonyl molecules to assemble rechargeable batteries. 

Phenanthrenequinone[40] and poromellitic anhydride[41] were typical molecules at that 

stage of research. However, all of these small carbonyl molecules suffered from 

serious dissolution problem and exhibited poor chargingdischarging stability. After 

numerous attempts, nonylbenzo-hexaquinone (NBHQ) reported by Pistoia et al. 

finally gave reasonable cycling performance, but low practical capacity and poor 

kinetics still put big obstacles to its battery application (Figure 1.6).[42] Fortunately, 

the improved battery fabrication techniques, such as increasing the content of 

conductive additives[43] and using solid electrolytes,[44] would bring new directions in 

this area. 

 

Figure 1.6 Representative structures of carbonyl compounds as cathode materials. 

 

  As for carbonyl-based polymers applied in electrode materials, the first example 

can be traced back to polymeric quinone (PQ), which was investigated by Foos and 

co-workers in 1986.[45] Although the practical battery performance was far from 
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expectation, this work provided a polymerization approach to tackle the terrible 

dissolution problem revealed in small carbonyl molecules, and thus enlightened 

tremendous subsequent researches. Recently reported poly(anthraquinonyl sulfide) 

(PAQS),[46] 1,4,5,8-naphthalenetetracarboxylic dianhydride-based (NTCDA) 

polyimide,[47]  poly(2-vinylanthraquinone) (PVAQ)[48] and polymer-bound 

pyrene-4,5,9,10-tetraone (PPYT)[49] are all good examples in this field (Figure 1.7). 

However, the low electronic conductivity and the enlarged electrochemical 

polarization during the discharging process remain to be solved. 
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Figure 1.7 Representative structures of carbonyl polymers as cathode materials. 

 

  With an enhanced understanding of cathode materials, a new type of organic 

carbonyl Li salts as electrode materials came into electrochemists' sight since 2008.[50] 

These conjugated carbonyl compounds were also named as coordination polymers, 

including Li salts of hydroxylquinones,[51] dicarboxylates[52] and dianhydrides[53] 



 

18 

(Figure 1.8). These organic Li salts are now under intensive studies to reduce the 

charge repulsion of the C-O- group for comprehensive battery performances. 
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Figure 1.8 Representative structures of carbonyl Li salts as cathode materials. 

 

1.2.4.5 Other organic cathode materials 

Except for the afore mentioned four types of organic cathode materials, many other 

novel molecules, such as triazine,[54] triquinoxalinylene,[55] polymeric 

2,5-di-t-butyl-1,4-dialkoxybenzene (PDBDAB),[56] polytriphenylamine (PTPAn),[57] 

poly(N-vinylcarbazole) (PVK)[58] and poly(vinylferrocene)[59] have also been explored 

in the last few years. As listed in Figure 1.9, these structures exhibited exciting 

properties and paved the avenue for future cathode materials. 
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Figure 1.9 Representative structures of other organic cathode materials. 

 

1.2.5 Summary 

During the past few decades, conducting polymers, organosulfur derivatives, radical 

polymers and carbonyl compounds have been successfully explored for battery 

applications in spite of their intrinsic limitations and inherent defects.[60] The 

ever-growing market of lithium-ion batteries asks for efficient, cheap and disposable  

organic cathode materials. Aimed at environmentally benign batteries with rational 

redox potential, high power density, good cycle stability as well as fantastic rate 

capability, researches will be moved forward to investigate new structures for 

comprehensive organic cathode materials. 
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1.3 Organic resistive memories 

In the modern era of information explosion, EIS is playing a significant role in our 

daily life. The ever-increasing pace in the development of electronic devices, such as 

cell phones, personal computers, media players and many more, requires concurrent 

progression of information technology. A memory usually refers to a recording device 

which retains retrievable digital data over a time interval. It is one of the most 

fundamental components of all modern electronic systems.[61] 

1.3.1 Categories of memories 

Electronic memories can be categorized into two primary parts: volatile and 

nonvolatile memories (Figure 1.10). Volatile memories lose the stored data as soon as 

the systems are turned off, thus they need a constant power supply to keep them 

operation, while nonvolatile memories can retain the stored information even if the 

electrical supply is removed. Nonvolatile memories can be further divided into five 

subcategories which are write-once read-many times memories (WORM), electrically 

programmable read-only memories (EPROM), flash memories, electrically erasable 

programmable read-only memories (EEPROM) and ferroelectric random-access 

memories (FeRAM). Volatile random access memories (RAM) consist of dynamic 

random-access memories (DRAM) and static random-access memories (SRAM). 
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Figure 1.10 Classification of electronic memories. 

 

  Based on the data-storage principles and adopted architectures, electronic memories 

can also be classified into transistor-type memories, capacitor-type memories and 

resistor-type memories. Unlike transistor-type or capacitor-type devices which are 

required to be integrated with basic complementary metal oxide semiconductor 

(CMOS) logic circuits, the resistor-type memories could be easily constructed by 

sandwiching active materials between two electrodes. Therefore, the resistive memory 

devices are most widely reported.[6264] 

1.3.2 Compositions of polymeric resistive memories 

Due to the downscaling problem and physical limitations of conventional 

semiconductor memories based on Si, Ge and GaAs, organic materials with switching 

characteristics are promising candidates for future information techniques, providing 
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significant advantages such as structure diversity, low fabrication cost and 

three-dimensional (3D) stacking capability.[6568] In particular, as proven to facilitate 

thin film formation and pattern-based manufacturing such as spin coating, ink jet 

printing and roll-to-roll processing, polymeric materials have shown a greater 

potential in data storage than small organic molecules which always suffer from short 

retention time and low device yield.[6973] Polymeric memories based on resistive 

switching behaviors have thus gained much attention.[7479] 

 

Figure 1.11 Typical structure of a polymeric memory device. 

 

  The typical layout of polymeric resistive memory device is shown in Figure 1.11, 

which exhibits a simple sandwiched structure with active polymer layer between 

bottom electrode and top electrode. The widely used top electrodes are Al, Cu, Au, Ni, 

Pd and Pt, while the bottom electrodes are generally indium tin oxide (ITO) and Al. 

The device configuration can be asymmetric or symmetric, such as Al/polymer/ITO, 

Al/polymer/Al, etc..[80, 81] 
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1.3.3 Fundamentals of polymeric resistive memories 

1.3.3.1 Working principles 

 

Figure 1.12 Typical IV characteristics of electrical bistable memory device. 

 

Polymeric resistive memories are those which exhibit two different stable conductive 

states by applying appropriate external voltages. The materials can be switched from 

low conductive state (high resistance, OFF state) to high conductive state (low 

resistance, ON state) at an activation voltage, which can be demonstrated as “write”. 

The high conductive state then keeps stable under certain voltage range, 

corresponding to "read". In some cases, the switching back process from ON to OFF 

can be further realized when applying a reverse bias, which is referred as “erase”. 

Materials functionalized with “write” and “erase” can be used as RAM and flash 

memories, while materials without the "erase" properties can be used for ROM 

devices. Typical I-V characteristics for these electrically bistable materials are shown 
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in Figure 1.12. [82, 83] 

1.3.3.2 Basic electrical characteristics 

(i) Threshold voltage 

Resistive memory device is initially in OFF state, and the threshold voltage is the 

minimum voltage that is needed to switch the device from OFF to ON state. The 

threshold voltage of resistive memory varies over a wide range, depending on the 

active material and the thickness of the device. 

(ii) ON/OFF current ratio 

The ON/OFF current ratio, or ON/OFF difference determines whether the electronic 

current can distinguish between low conductive state and high conductive state. A 

large ON/OFF current ratio benefits the high-precise switching behavior. 

(iii) Retention ability 

The retention time of a resistive device under ON or OFF state is intimately connected 

to the stability of the active material. A memory device with volatile property requires 

frequent data refresh, which is the major incentive to investigate the nonvolatile 

alternative. 

(iv) Programmed cycles 

The cycling endurance is an important parameter used for measuring the 

reproducibility of a memory device. An endurance of 1000 cycles only allows the 

benchmark memory to be rewritten three times per day. The present limit of flash 
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memory is about 106 cycles, presenting a significant obstacle to its application in 

computers.[84] 

1.3.4 Developments of polymeric resistive memories 

In the past few decades, great progress has been made in the architecture and 

performance for polymeric memories, and a substantial amount of research has been 

also dedicated to understanding the switching process associated with these devices. 

Despite of many controversies, several well-established conducting mechanisms such 

as charge transfer, filamentary conduction, space charge and traps, conformational 

change and redox switching, etc, have been proposed by modifying the classic 

inorganic theory models.[85, 86] 

1.3.4.1 Polymeric resistive memories based on charge transfer 

The charge transfer process is expected to occur in the polymeric material with 

electron donor-acceptor (D-A) moieties in which a partial transfer of electronic charge 

from the donor to the acceptor can induce a sharp increase in conductivity under an 

applied electric field. As the switching behavior is closely related to the stability of 

the charge transfer state, the memory characteristics based on the D-A system can be 

easily tuned by modifying the polymer structure (Figure 1.13). The representative 

polymeric structures based on the charge transfer mechanism are shown in Figure 

1.14.[8793] 
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1.3.4.2 Polymeric resistive memories based on filamentary conduction 

As observed from the optical electronic microscope, filaments will be formed when 

the current flow is highly localized on a small fraction of the memory device,[94] and 

two types of filamentary paths have been proposed to explain the bistable behaviors in 

polymeric resistive memories (Figure 1.15). One type is the carbon channel filament 

which is resulted from the degradation of active polymer,[95] while the other is 

regarded as metal channel (or metallic bridge) filament that is induced by the 

migration of electrode through the polymeric film.[96]  

 

Figure 1.15 Schematic illustration of two filamentary conduction paths. 
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Figure 1.16 Representative structures based on the filamentary conduction 

mechanism. 

 

  Polymers associated with -conjugated structures as well as coordinating atoms 

which can be interacted with metal ions, are prone to the production of metallic 

filaments.[97] Figure 1.16 exhibits the typical representatives of polymeric resistive 

memories based on filamentary conduction.[98] 

1.3.4.3 Polymeric resistive memories based on space charge-limited current 

In resistive memories, three factors including the injection of holes/electrons from 

electrodes, the presence of ionized dopants in interfacial depletion areas and the 

accumulation of mobile ions at electrode interfaces may lead to the formation of space 

charge-limited current (SCLC).[99] Traps in bulk polymers may reduce the mobility of 

charged species and further facilitate SCLC. The electrical bistability of some 

polymeric materials has been confirmed to be associated with space limited 
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charges.[100, 101] For example, hysteresis was observed in the I–V curve of 

poly[3-(6-methoxyhexyl)thiophene-based memory device. The accumulated space 

charges at the metal–polymer interface restrict the applied electrical field and limit the 

charge injection, resulting in the unique hysteresis performance (Figure 1.17).[102] 

 

Figure 1.17 Representative structure based on the SCLC mechanism. 

 

1.3.4.4 Polymeric resistive memories based on conformational change 

The conformational transformation mechanism has been often suggested to explain 

the switching phenomena observed in various non-conjugated polymeric memory 

devices. Under an applied external voltage, the electroactive pendants in these 

copolymers may exhibit strong intermolecular interactions caused by the increased 

packing density with hindered conformation changes and molecular plane rotations, 

thus leading to variations in conductive state (Figure 1.18). Current research in this 

area mainly focused on the carbazole-based polymers shown in Figure 1.19.[103] 

 

Figure 1.18 Schematic illustration of conformational change mechanism. 
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Figure 1.19 Representative structures based on the conformational change 

mechanism. 

 

1.3.4.5 Polymeric resistive memories based on redox switching 

 

Figure 1.20 Representative structures based on the redox switching mechanism. 

 

The bistable performance in polymeric resistive memories can be also realized via 
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oxidation/reduction process. Polymers with redox active units can reversibly switch in 

two or more different oxidation states, thus providing the memory effect that is 

essential for data storage. Limited by the synthetic strategy, only few polymers have 

been studied in this field so far (Figure 1.20).[104] 

 

1.3.5 Summary 

Polymeric resistive memories are growing rapidly since they are believed to provide 

alternative techniques to supplement conventional inorganic semi-conductive devices. 

However, there are still many significant challenges, and much effort should be 

expended to explore more resistive memories based on polymers. In addition to the 

above mentioned mechanisms, it is difficult but meaningful to establish more 

theoretical models for elucidating the intrinsic nature of organic switchable materials, 

and finally promoting their practical applications. 

1.4 Ferrocene-containing metallopolymers 

Metallopolymers, or metal-containing polymers, are hybrid macromolecules of 

inorganic metal atoms and organic carbon species.[105] They have attracted 

considerable attention due to the combination of the features of metals (redox, 

electrics, photornetrics, magnetism and polarisability) with those of polymers 

(processability and flexibility) which is expected to bring out the synergistic 

properties for interesting applications. In organometallic macromolecules, the 

introduced metal centers contribute not only to their own properties, but also facilitate 

the molecular arrangements that are not found in pure organic congeners, therefore, 



 

32 

the presence of the metal is considered as the most important factor for 

metallopolymers.[106] Di(5-cyclopentadienyl)iron(II), commonly known as ferrocene 

(Fc) in which an iron atom is linked to two cyclopentadienyl (Cp) ligands, has long 

been recognized as having great potential in organometallic chemistry. Based on the 

unique structure and the remarkable aromatic character of ferrocene, many attempts 

have been made to synthesize various ferrocene-containing polymeric derivatives 

since its discovery in 1951. Research interest in ferrocene-based metallopolymers has 

increased exponentially in recent years with the hope that they may be of use in a 

plethora of different applications.[107110] 

1.4.1 Categories of ferrocene-containing metallopolymers 

Ferrocene can be incorporated into the polymeric structures in either a conjugated or a 

non-conjugated way. There are many possible arrangements of the ferrocene moiety 

relative to the polymer backbone. Three main architectures for ferrocene-based 

metallopolymers are possible as depicted in Scheme 1.5. 

 

Scheme 1.5 Structural classes of ferrocene-containing metallopolymers. 

 

  Type I represents the conjugated ferrocene-based side-chain polymer in which the 

ferrocene unit is appended to the polymer backbone by using a conjugated lateral 
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linker. In type II, the functional ferrocene moiety is introduced into the 

non-conjugated polymer as a pendant side chain. In type III, the ferrocene group is 

directly embedded into the main-chain polymer which bears the ferrocene as an 

integral part of the main skeleton.[111113] 

1.4.2 Characteristics of ferrocene-containing metallopolymers 

As the heart of ferrocene-based polymers, the ferrocene moiety directly affects the 

characteristics and performances of the corresponding metallopolymers, which makes 

it vital to explore the structureproperty relationship of ferrocene. 

 

Figure 1.21 Structural representation of ferrocene with carbon atom numbering. 

 

  In ferrocene molecule, two Cp rings arranged in parallel planes hold a central iron 

atom in a "sandwich" fashion with an inter-ring distance 3.32 Å. The two Cp ligands 

may be orientated in the two extremes of either an eclipsed (D5h) or staggered (D5d) 

conformation. As substantially free to rotate with a small rotation energy of ~4 kJ 

mol-1, the two Cp ligands prefer the D5h assignment both in the crystal and in the gas 

phase below the conformation transition point at 164 K. At room temperature, the 

ground state structure of ferrocene is characterized by rotational disorder, permitting 

neither D5h nor D5d arrangement. In general, the D5d symmetry with staggered rings is 
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widely accepted for depicting the ferrocene structure. The structural representation 

and the numbered carbon positions are conventionally shown in Figure 1.21. 

  Although there is little difference in electronic states between the D5h and D5d 

symmetries, the D5d conformation is also commonly used in the description of the 

electronic structure of ferrocene. The molecular orbitals of ferrocene follow the 

evolutionary procedure below: 

  (1) The five p-orbitals on the planar Cp ring are combined to produce five 

molecular orbitals: one combination having the full symmetry of the ring (a2) and the 

other two doubly degenerated combinations having one or two planar nodes (e1 and 

e2). As the relative energies of these orbitals increase with the rising number of nodes, 

the a2 and e1 bonding orbitals are preferentially fully occupied, whereas the e2 orbitals 

are anti-bonding and unfilled (Figure 1.22). 

  (2) Based on the symmetry-adapted linear combination (SALC) principle, the 

-orbitals of the two Cp ligands are combined pairwise to form three sets of ligand 

molecular orbitals of gerade (g) and ungerade (u) symmetry: (i) a low-lying filled 

bonding pair of a1g and a2u symmetry; (ii) a weakly filled bonding pair of e1g and e1u 

symmetry; (iii) an unfilled anti-bonding pair of e2g and e2u symmetry. The reducible 

representation of the SALC is Г = a1g + a2u + e1g + e1u + e2g + e2u (Figure 1.23). 

  (3) The metal atomic orbitals of Fe(II) can be transformed as a1g (dz
2, s) + a2u (pz) + 

e1u (px, py) + e1g (dyz, dxz) + e2g (dx
2 dy

2, dxy). 

  (4) The combination of Cp ligand orbitals with Fe(II) metal orbitals gives rise to 

the bonding molecular orbitals [(ligand molecular orbitals) + (metal atomic orbitals)] and the 

corresponding anti-bonding molecular orbitals [(ligand molecular orbitals)  (metal atomic 
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orbitals)], providing that the energies of the two component sets are sufficiently close 

and symmetrically matching for overlap. The qualitative molecular orbitals and 

electronic configurations of ferrocene are shown in Figure 1.24.[114] 

 

Figure 1.22 -Molecular orbitals of the Cp ring. 

 

 

Figure 1.23 Symmetry-adapted linear combination of two Cp ligands. 
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Figure 1.24 Molecular orbitals and electronic structures of ferrocene. 

 

  Analysis of the relative energy levels and electronic occupations of ferrocene 

permits the distinguishing characteristics of ferrocene-based metallopolymers as 

follows: 

  (1) The energy differential between e1 and a1 orbitals causes the electronic charge to 

be drawn towards the Cp rings. This accounts for the residue -electron density and 

unique aromatic character of ferrocene, further facilitating the conductivity 

enhancement of ferrocene-conjugated macromolecules.[115] 

  (2) Twelve electrons in ferrocene are stabilized in the strongly bonding orbitals 

with the residue six electrons in the essentially non-bonding a1g' and e2g orbitals. 

Hence, one electron can be smoothly removed from the high-energy orbitals to 

generate the ferrocenium (Fc+) cation (Scheme 1.6), resulting the redox behaviors of 

ferrocene-containing polymeric derivatives.[116] 
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  (3) For either ferrocene or ferrocenium, all electrons are assigned in a steady 

configuration, which implies the remarkable air stability and heat-resistant property of 

metallopolymers with ferrocene moieties.[117] 

  (4) Limited by different energy levels, the central ion atom is unable to transmit 

inter-ring electronic effects, whereas the intra-ring transmission, notably between 

carbon 1 and 3, could be observed. This in turn benefits the application of 

ferrocene-modified polymers for optical devices.[118] 

 

Scheme 1.6 One-electron transfer in the ferrocene/ferrocenium system. 

 

1.4.3 Applications of ferrocene-containing metallopolymers 

In the past decades, organoferrocenyl polymers have found fascinating applications as 

biosensors,[119] magnetic ceramics,[120] liquid crystallines,[121] burning rate catalysts[122] 

and surface modification agents[123] due to their biocompatibility, ease of modification, 

high thermal stability, good electrical conductivity as well as excellent redox property. 

The representative structures of ferrocene-based metallopolymers in various 

applications are schematically shown in Figure 1.25. 

  In particular, all reported ferrocene-containing metallopolymers for lithium-ion 

batteries and resistive memories are respectively summarized in Figures 1.26 and 1.27. 

Tables 1.1 and 1.2 also exhibit their comprehensive performances.[59b, 69, 124127] 
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Figure 1.25 Ferrocene-containing metallopolymers for various applications. 
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Figure 1.26 Ferrocene-containing metallopolymers for organic lithium-ion battery 

application. 
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Table 1.1 Comprehensive overview of ferrocene-containing metallopolymers for 

organic lithium-ion battery application. 

Polymer Characteristics 

FcMP1 

FcMP2 

FcMP3 

(1) capacity: 105 mAh g-1 for FcMP1, 105 mAh g-1 for 

FcMP2, 95 mAh g-1 for FcMP3; (2) electrode composition: 

10% polymer + 80% carbon + 10% binder; (3) rapid 

capacity decrease. 

FcMP4 

(1) capacity: 115 mAh g-1 at 1 C; (2) electrode composition: 

40% polymer + 40% carbon + 20% binder; (3) 97 mA h g-1 

capacity after 200 cycles at 2 C. 

FcMP5 
(1) capacity: 65 mAh g-1; (2) electrode composition: no 

conductive additive and no binder. 

FcMP6 

(1) capacity: 68.1 mAh g-1; (2) electrode composition: 50% 

polymer + 40% acetylene + 10% binder; (3) 50 mAh g-1 

capacity after 50 cycle at a current density of 20 mA g-1. 

FcMP7 

(1) capacity: 100.2 mAh g-1; (2) electrode composition: 50% 

polymer + 40% acetylene + 10% binder; (3) 80 mAh g-1 

capacity after 50 cycles at a current density of 20 mA g-1. 
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Figure 1.27 Ferrocene-containing metallopolymers for organic resistive memory 

application. 

 

Table 1.2 Comprehensive overview of ferrocene-containing metallopolymers for 

organic resistive memory application. 

Polymer Characteristics 

PFT2-Fc 

(1)"Flash" memory; 2) ON/OFF switch voltage: 

1.9/1.4 V; (3) ON/OFF current ratio: up to 103; (4) 

retention time: 10000 s; (5) 100 cycles.  

Ferrocene-6FDA/DHTM 

(1)"Flash" memory; 2) ON/OFF switch voltage: 

1.5/3.0 V; (3) ON/OFF current ratio: up to 103; (4) 

retention time: 300 s.  
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1.4.4 Summary 

Three different kinds of ferrocene-containing metallopolymers with diverse structures 

have been synthesized and used for various purposes, exhibiting characteristic 

physical and chemical properties, such as redox, luminescence, magnetism, etc.. On 

account of their numerous advantages, more comprehensive practical applications will 

be explored in the future. 

1.5 Scope of thesis 

In recent several years, significant advancements have been achieved in organic 

lithium-ion batteries and polymeric resistive nonvolatile memories. Nevertheless, 

there are still many challenges and obstacles limiting their practical applications. The 

major concern for organic cathode materials is attributed to the limited electrode 

reactions which should firstly conform to the laws of physics and chemistry, making it 

hard to find matchable electrolytes. Additional considerations, such as lithium-ion 

capacity, performance stability, operation mechanism and cost, further narrow the 

choice of active organic cathode materials. On the other hand, the retention time for 

organic memories is still far from the requirement of commercial applications. Other 

device parameters, such as ON/OFF current ratio, cycling endurance and switching 

theory, also show large discrepancies with those of the inorganic ones. As regards to 

ferrocene-containing metallopolymers, despite the diverse structures and various 

applications, few successful examples have been reported in the EES and EIS fields, 
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and there remains considerable room to explore their huge potential in battery and 

memory applications. 

  In this thesis, we extend our effort on the synthesis of three types of 

ferrocene-containing architectures consisting of conjugated side-chain 

macromolecules, non-conjugated side-chain copolymers as well as conjugated 

main-chain polymers. The fascinating properties of these prepared 

ferrocene-containing metallopolymers also encourage us to devote to the 

comprehensive studies on their photophysical behaviors, electrochemical 

performances and potential battery and memory applications to promote the 

development of EES and EIS techniques. 
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Chapter 2 Conjugated Ferrocene-Containing Side-Chain 

Metallopolymers for Organic Battery and Memory Applications 

 

2.1 Introduction 

In search of efficient organic cathode materials, cycle endurance and rate capacity are 

two critical parameters which should be firstly taken into consideration. Cycle 

stability is always related to the solubility of electrode materials, while rate capability 

greatly depends on the kinetics of reversible electrochemical reactions.[1, 2] 

Conjugated polymers, composed of many repeated subunits, are difficult to dissolve 

in commonly used electrolytes, providing a direct and valid strategy to address the 

solubility issue prevailed in small organic molecules. Meanwhile, owing to the 

overlapping π-orbitals of alternating double- and single-bonds, the non-localized 

π-electrons in conjugated polymers can be easily moved around the whole chains, 

which is also beneficial to the desired fast kinetics.[3] However, despite the promising 

prospects, the extremely low gravimetric capacities of conventional conjugated 

polymers remain to be solved before their practical applications as cathode-active 

materials for organic lithium-ion batteries.[48] As mentioned in chapter 1, ferrocene 

could be reversibly oxidized to ferrocenium with a fast one-electron exchange rate 

constant of 7 × 10-1 cm s-1,[9] few ferrocene derivatives have been investigated for 

energy-storing application.[1014] To pursue comprehensive and highly efficient 

organic cathode materials, the integration of an active ferrocene moiety into the 

poorly dissolved conjugated polymer backbone would be of great interest. 
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  On the other hand, due to their excellent film-forming properties, conjugated 

polymers are well suited for the low-cost processing such as spin coating, spray 

coating and ink-jet printing, and thus they have also aroused considerable attention as 

active materials for electronic memory devices. In particular, mechanically stretchable 

polymeric resistive memory which can be scaled down to allow a high storage density, 

is becoming increasingly important in information-storing application.[1522] Ferrocene 

(Fe2+) and its oxidized form ferrocenium (Fe3+) can reversibly switch between these 

two stable states, thus giving the possibility for data storage. Although numerous 

properties and features of ferrocene-containing polymers have been well-studied, not 

much of their applications in resistive memories were explored.[23, 24] Of particular 

interest are the initial results of ferrocene-cored conjugated polymers showing 

increases in the conductivity after oxidation. On the basis of these observations, we 

devote our effort to the resistive memory studies by using conjugated 

ferrocene-containing side-chain metallopolymers as the active materials. We wonder 

whether the current would be enhanced by the redox process if ferrocene is linked as a 

side chain to a conjugated polymer. 

  In this chapter, a series of new conjugated metallopolymers consisting of 

ferrocene-functionalized side chains and fluorene-, triphenylamine-, carbazole- and 

thiophene-based main chains have been rationally designed and synthesized. By 

combination of active ferrocene unit and modified polymeric backbone, we would 

like to develop novel conjugated structures with expanded gravimetric capacities, 
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enhanced ON/OFF current ratios and improved cycle performances, aiming to 

develop comprehensive active materials for battery and memory applications. 

2.2 Synthesis of conjugated ferrocene-containing side-chain metallopolymers 

The synthetic route of ferrocene-containing 2,7-diethlnylfluorene derivative FcFE is 

outlined in Scheme 2.1. Starting from 2,7-dibromofluorene and 

trimethylsilylacetylene, FcFE-1 was firstly prepared through a palladium(II) acetate 

and copper(I) iodide co-catalysed cross-coupling reaction.[25] Then, the functional 

ferrocene moiety could be introduced into FcFE-1 by condensation with 

ferrocenecarboxaldehyde to give trimethylsilylacetylene-substituted fluorene FcFE-2, 

which was followed by desilylation with potassium carbonate at room temperature to 

produce FcFE.[26] 

 

Scheme 2.1 Schematic representation of the synthesis of FcFE. 

 

  Afterwards, 4,4'-diiodotriphenylamine L1 was successfully synthesized through 

direct iodination of triphenylamine under an acidic condition by carefully controlling 

the equivalent amounts of potassium iodate and potassium iodide as well as the 

reaction time.[27] This diiodination method was also suitable to carbazole which could 
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be converted to 3,6-diiodocarbazole under similar conditions. After reacting with 

iodobenzene or bromoethane, the active hydrogen atom of 3,6-diiodocarbazole was 

substituted by phenyl or ethyl group to afford 3,6-diiodo-9-phenylcarbazole L2 or 

9-ethyl-3,6-diiodocarbazole L3 (Scheme 2.2). 

 

Scheme 2.2 Schematic representation of the synthesis of L1, L2 and L3. 

 

  In the presence of triethylamine, tetrakis(triphenylphosphine)palladium(0) and 

copper(I) iodide, the conjugated ferrocene-containing side-chain metallopolymers 

PFcFEs could be finally obtained via a Sonogashira polycondensation of FcFE and 

diiodo-substituted compounds L1, L2, L3 as well as 2,5-diiodothiophene L4, 

respectively (Scheme 2.3). 

 



 

61 

 

Scheme 2.3 Schematic representation of the synthesis of PFcFEs. 

 

2.3 Structural determination of conjugated ferrocene-containing side-chain 

metallopolymers 

The structures of all the prepared conjugated polymers were well confirmed by 1H 

NMR and Fourier transform infra-red (FTIR) spectroscopy, and their molecular 

weights were calculated from size exclusion chromatography (SEC). All pertinent 

data are summarized in Chapter 6. 

(i) 1H NMR 

As the obtained ferrocene-containing side-chain metallopolymers PFcFE1, PFcFE2, 

PFcFE3 and PFcFE4 are almost insoluble in commonly used chlorinated organic 

solvents, deuterated tetrahydrofuran (THF-d8) was employed for NMR analysis, and 

their 1H NMR spectra are shown in Figures 2.12.4. 
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Figure 2.1 1H NMR spectrum of PFcFE1 in THF-d8. 

 

 

Figure 2.2 1H NMR spectrum of PFcFE2 in THF-d8. 
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  All signals in the 1H NMR spectra are consistent with their structures. Protons at δ 

= 4.204.87 ppm are assigned to the ferrocene unit, while peaks at δ = 6.508.80 ppm 

are attributed to the aromatic rings and the vinyl protons. The near completeness of 

the polymerizaion could be confirmed because of the disappearance of the terminal 

acetylenic protons at δ = 3.53 and 3.61 ppm in FcFE (Figure 2.5). Compared with the 

corresponding signals in monomers, all protons in polymers are downfield shifted, 

which is possibly caused by the increased deshielding effect of the enlarged 

conjugated systems. Meanwhile, the peaks of the polymers shown in the 1H NMR 

spectra are broadened as expected, indicating the successful polymerization of the two 

monomers.  

 

 

Figure 2.5 1H NMR spectrum of FcFE in THF-d8. 
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(ii) FTIR 

Figures 2.62.9 show the comparative FTIR spectra of all the synthetic conjugated 

polymers and their corresponding monomers. The characteristic absorption peaks of 

ferrocene are clearly shown in the spectra.[10, 11, 28] Meanwhile, the FTIR results could 

further confirm the completeness of the coupling polymerization, as evidenced by the 

disappearance of terminal alkyne C≡CH vibration (2099 cm-1), together with the blue 

shift of disubstituted C≡C vibrations in the less IR-active conjugated polymers. The 

alkyne C≡C vibrational signal of PFFAL1 is blue shifted to 2197 cm-1, and the 

absorption peaks at 3032, 1413, 1106, 1001, 817 and 500 cm-1 are ascribed to 

ferrocene (Figure 2.6). The alkyne C≡C vibration signals of PFFAL2 and PFFAL3 

were both blue shifted to 2196 cm-1. The absorptional peaks in PFFAL2 at 3057, 

1413, 1105, 1001, 814 and 492 cm-1 are assigned to ferrocene (Figure 2.7), while the 

vibrational ferrocene signals in PFFAL3 are shown at 3077, 1414, 1103, 1001, 815 

and 487 cm-1 (Figure 2.8). As for PFFAL4, the disappearance of C-I (685 cm-1) and 

terminal alkyne C≡CH (2099 cm-1) vibrations indicate the efficient polymerization 

process (Figure 2.9). Similarly, the alkyne C≡C vibration is also shifted from 2099 to 

2191 cm-1, and the peaks at 3086, 1411, 1103, 1000, 815 and 488 cm-1 are the 

characteristic absorption signals of ferrocene.  
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Figure 2.6 Comparative IR spectra of PFcFE1 by using KBr pellet method. 
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Figure 2.7 Comparative IR spectra of PFcFE2 by using KBr pellet method. 
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Figure 2.8 Comparative IR spectra of PFcFE3 by using KBr pellet method.    
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Figure 2.9 Comparative IR spectra of PFcFE4 by using KBr pellet method. 
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(iii) SEC 
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Figure 2.10 Size exclusion chromatograms of PFcFEs. 

 

Table 2.1 Molecular masses and PDIs of PFcFEs. 

Polymer Mn (g mol-1) Mw (g mol-1) PDI (Mw/Mn) 

PFcFE1 1.4 × 104 1.5 × 104 1.1 

PFcFE2 1.8 × 104 2.2 × 104 1.2 

PFcFE3 1.5 × 104 1.8 × 104 1.2 

PFcFE1 2.3 × 104 3.0 × 104 1.3 

 

The molecular masses of PFcFE1, PFcFE2, PFcFE3 and PFcFE4 were estimated 

via SEC by using THF as eluent and poly(styrene) as standard (Table 2.1). The 
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molecular weights of these ferrocene-containing polymers are tens of thousands g 

mol-1. Notably, PFcFE4 with the thiophene moiety gave the highest molecular mass 

and the largest polydispersity index (PDI) among the obtained polymers (Figure 

2.10). 

2.4 Optical characteristics of conjugated ferrocene-containing side-chain 

metallopolymers 

The optical features of PFcFE1, PFcFE2, PFcFE3 and PFcFE4 were investigated by 

UV-Vis absorption and photoluminescence (PL) emission spectroscopies. 

(i) UV-Vis absorption spectroscopy 

The UV-Vis spectra of all the conjugated ferrocene-containing side-chain 

metallopolymers were obtained in THF with normalized absorbance, which are listed 

in Figure 2.11.  

  In Figure 2.11(a), PFcFE1 exhibits five absorption peaks at 239, 267, 292, 381 and 

505 nm, respectively. The absorptions at 239 and 292 nm correspond to the electron 

transitions of the triphenylamine moiety, while the signals at 267, 381 and 505 nm are 

assigned to the ferrocene unit. These results indicate that the obtained polymer 

PFcFE1 contains both ferrocene and triphenylamine moieties. 

  PFcFE2 and PFcFE3 show similar absorption characteristics. PFFAL2 absorbs at 

243, 291, 364 and 505 nm, while PFFAL3 exhibits four absorption peaks at 240, 289, 

375 and 502 nm. The corresponding absorption peaks at 243 and 240 nm are related 

to the electron transitions of the carbazole unit, while the other peaks at around 290, 
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365 and 500 nm are ascribed to the functional fluorene group, suggesting the 

successful polymerization between FcFE and the carbazole-based monomers L2 and 

L3 (Figures 2.11(b) and (c)). 

  The absorption spectra of FcFE, 2, 5-diiodothiophene L4 and the obtained 

conjugated polymer PFcFE4 are comparatively given in Figure 2.11(d). It can be seen 

that PFFAL4 shows five absorption peaks at 239, 265, 288, 389 and 512 nm. In 

comparison with the related monomers, the absorption signals at 239 and 288 nm are 

likely to result from the electronic transitions of the thiophene unit, and the peaks at 

265, 389 and 512 nm possibly correspond to the fluorene moiety. 

(a)                                  (b) 

 

 

 

 

(c)                                  (d) 

 

 

 

 

Figure 2.11 Comparative absorption spectra of monomers and PFcFEs in THF: (a) 

L1, FcFE and PFcFE1, (b) L2, FcFE and PFcFE2, (c) L3, FcFE and PFcFE3, (d) 

L4, FcFE and PFcFE4. 
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  In addition, the absorption spectra of FcFE and all the prepared polymers PFcFE1, 

PFcFE2, PFcFE3 and PFcFE4 were also studied together under a comparative 

analysis. As can be seen in Figure 2.12, the absorption peaks of all the conjugated 

polymers are obviously red-shifted, which is owing to the expansion of the 

π-conjugated backbone after polycondensation. As a result, the transportation of the 

active charged species along the conjugated polymeric main chain will be improved, 

which is of great significance for the high-performance electronic devices.[11] 
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Figure 2.12 Comparative UV spectra of FcFE and PFcFEs in THF. 

 

(ii) PL spectroscopy 

As shown in Figure 2.13, the emission peaks of all the conjugated polymers are 

between 570 and 650 nm in photoluminescene spectra. Different from the red-shifted 
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phenomenon observed in the UV-Vis spetra, it is interesting that all emission 

wavelengths of these polymers are a little bit shorter than that of the corresponding 

monomer FcFE. 
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Figure 2.13 Comparative PL spectra of FcFE and PFcFEs in THF. 

 

2.5 Thermal properties of conjugated ferrocene-containing side-chain 

metallopolymers 

The thermal stability of PFcFE1, PFcFE2, PFcFE3 and PFcFE4 was determined by 

thermogravimetric analysis (TGA). When heating them to 800 ○C at a rate of 10 ○C 

min-1 under a nitrogen atmosphere, all these synthetic polymers are thermally stable 

up to 350 ○C with less than 5% weight loss (Figure 2.14). The high thermal 

decomposition temperature (Td) may in turn extend the operating lifetime and 
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improve the working safety for lithium-ion battery and electronic memory devices. 
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Figure 2.14 TGA curves of PFcFEs. 

 

2.6 Conjugated ferrocene-containing side-chain metallopolymers for organic 

lithium-ion battery application 

(i) Electrochemical performances in solution 

As the electrochemical properties of carbazole-based conjugate polymers have been 

systematically studied by Advincula and co-workers,[29] ferrocene-containing 

side-chain metallopolymers PFcFE1 and PFcFE4 based on triphenylamine and 

thiophene units are selected to perform the cyclic voltammetry (CV) analysis in 

solution for their initial electrochemical investigations. 

  Figure 2.15 displays the CV behaviors of PFcFE1 and PFcFE4 in THF with 0.1 
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mol L-1 tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte at a 

scan rate of 100 mV s-1. PFcFE1 exhibits two quasi-reversible oxidations: the 

ferrocene moiety oxidized at 0.101 V and the triphenylamine at 0.573 V vs. Fc/Fc+, 

while the cyclic voltammogram of PFcFE4 displays only the oxidation of ferrocene at 

the half-wave potential of (Epa + Epc)/2 = 0.097 V. 
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Figure 2.15 CV curves of PFcFE1 and PFcFE4 in solution. 

 

(ii) Electrochemical performances of composite electrodes 

To prove the stability of metallopolymers PFcFEs as cathode materials for 

lithium-ion batteries, electrodes were fabricated. Due to the low intrinsic conductivity 

of the polymeric backbone, their electrochemical behaviors in composite electrodes 

consisting of 80% carbon nanofibers, 10% poly(vinylidene fluoride) (PVDF) and 10% 
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polymers on graphite foil were investigated at a scan rate of 5 mV s-1 in 0.1 mol L-1 

LiBF4 propylene carbonate (PC) solution (Figure 2.16). 

  Owing to the presence of ferrocene moiety, PFcFE1-based composite electrode 

reveals reversible redox pair in CV curves (Figure 2.16(a)). The potential separation 

between the oxidation and reduction peak is about 350 mV, indicating the limited 

charge transfer and a strong polarization within the electrode. The approximately 

symmetrical peaks suggest high coulomb efficiency for the chargingdischarging 

processes. The electrochemical stability of this electroactive polymer is also examined 

by CV measurements over 20 cycles. On repeated cycling, there is no significant 

change in the oxidation and reduction peak potentials or currents, proving the 

decoupling of the ferrocene redox reaction from the backbone. 

  For electrodes composed of PFcFE2 and PFcFE3, they show similar 

electrochemical behaviors with unstable signals (Figures 2.16(b) and (c)). The N-aryl 

building blocks are not chargeable in a reversible way for more than 10 cycles, and 

their electrode stabilities could not be improved by changing the electrolyte or by 

lowering the scanning voltage. 

  The composite electrode of the thiophene-containing polymer PFcFE4 possesses 

similar stabilities with that of PFcFE1 (Figure 2.16(d)). In particular, PFcFE4 can 

exhibit quite good electrochemical behaviors in different electrolytes (Figure 2.17). 

  These observations demonstrate that conjugated ferrocene-containing side-chain 

metallopolymers PFcFE1 and PFcFE4 can be further investigated as cathode-active 

materials for lithium-ion batteries. 
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(a)                                 (b) 

 

 

 

(c)                                (d) 

 

 

 

 

Figure 2.16 CV curves of composite electrodes based on PFcFEs in 0.1 mol L-1 

LiBF4 in PC solution at a scan rate of 5 mV s-1.  

(a)                                  (b) 

 

 

(c)                                  (d) 

 

 

 

Figure 2.17 CV curves of PFcFE4-based composite electrodes in different 

electrolytes at a scan rate of 5 mV s-1: (a) 0.1 mol L-1 LiBF4 in PC/DMC (1:1, v/v), (b) 

0.1 mol L-1 LiBF4 in PC/DME (1:1, v/v), (c) 0.1 mol L-1 LiClO4 in PC, (d) 0.1 mol L-1 

LiClO4 in PC/DME (1:1, v/v). 
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(iii) Coin cell studies 

Based on the performance of composite electrode, the charging-discharging behaviors 

of the prepared polymers PFcFE1 and PFcFE4 were examined as cathode materials 

for battery applications. For that reason, coin cells were prepared under inert 

atmosphere using a composite electrode (polymer/VGDF/PVDF, 10/80/10, w/w/w) as 

cathode and a lithium foil as anode material. A solution of 0.5 mol L-1 LiClO4 in 

propylene carbonate served as the electrolyte. 

  To prove the homogeneity of the composite electrodes, scanning electron 

microscope (SEM) images were taken (Figure 2.18). Electrodes of both polymers 

show a loose, homogenous and porous morphology, which may provide sufficient 

surfaces for realizing efficient redox reactions of the polymeric electrodes. 

polymeric electrodes. 

 

 

 

 

Figure 2.18 SEM images of PFcFE1- (left) and PFcFE4-based (right) electrode. 

 

  The chargingdischarging behavior of PFcFE1 is much more complicated due to 

the incorporated triphenylamine building block. The initial charging curve at 1 C 

(Figure 2.19) displays one plateau at around 3.5 V, owing to the oxidation of the 

ferrocene moiety, while at about 3.8 V the oxidation of the triphenylamine building 
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block is visible as another broad plateau. The initial charge and discharge capacity of 

PFcFE1 is 100.7 and 88.5 mAh g-1, respectively, which slightly exceeds the 

theoretical capacity (82.3 mAh g-1) based on a two-electron reaction. Both the low 

columbic efficiency as well as the increased capacity of the first charge cycle can be 

explained by the irreversible side reaction of the oxidative coupling of the 

triphenylamine moiety, as mentioned in the previous results (Scheme 2.4).[30] During 

cycling, the coulomb efficiency increases to 95% (20th), and finally 98% (75th). Due 

to this cross-linking effect, the stability of the electrode increases, resulting in a 

specific capacity of 73 mAh g-1 (89% of theoretical capacity) after 100 cycles. 
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Figure 2.19 Chargingdischarging capacities of PFcFE1-based coin cells. 
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Scheme 2.4 Proposed oxidative coupling of triphenylamine unit in PFcFE1. 

 

  As shown in Figure 2.20, PFcFE4 exhibits at 1 C charging rate an initial discharge 

capacity of 52 mAh g-1 with a stable voltage plateau at about 3.50 V, which 

corresponds to 95% of the theoretical capacity of this polymer. After 100 cycles, still a 

discharge capacity of 48 mAh g-1 (88% of theoretical capacity) could be obtained,  

underlining the stability of this composite electrode. Even at 5 C charging rate, the 

discharge capacity of the first cycle is nearly identical with the one obtained at 1 C 

(52 mAh g1, 95% of theoretical capacity), indicating the beneficial charge 

transport/mobility properties of such conjugated ferrocene-containing polymers. Also 

here the electrode is quite stable with 46 mAh g-1 (84% of theoretical capacity) after 

100 cycles. At 10 C the initial capacity notably decreases to 39 mAh g-1 (71% of 

theoretical capacity), but still the electrode displays stable chargingdischarging 

curves, resulting in a discharge capacity of the 100th cycle of 36 mAh g-1 (66% of 

theoretical capacity). However, at such high currents, the mass transport is too slow, 

leading to polarized electrodes and consequently to a large gap between charge and 
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discharge curves. 
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Figure 2.20 Chargingdischarging capacities of PFcFE4-based coin cells. 

 

  Both PFcFE1 and PFcFE4 composed coin cells show stable electronic 

performances under 1 C, 5 C and 10 C chargingdischarging rate even after 100 

cycles (Figures 2.21 and 2.22). The composite electrode of PFcFE1 displays at 5 C a 

similar initial charge capacity as at 1 C (99.5 mAh g-1), however, the initial coulomb 

efficiency here is very low at 82%. After 20 cycles, it increases to 93%, and finally 

reaches 99% (50th). Again, after the first 20 cycles, the electrode is stabilized, leading 

to a specific discharge capacity of 54.5 mAh g-1 (66% of theoretical capacity) after 

100 cycles. Finally, the coin cells were charged at 10 C. As also noticed for the 

electrodes of polymer PFcFE1, 10 C led to a notable decrease of the initial charge 

capacity (76.4 mAh g-1, 93% of theoretical capacity). Due to the higher charging 
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speed, the stabilization of the electrode, that is most properly caused by cross-linking 

of the triphenylamine moieties, is finished not before the 40th charge-discharge cycle. 

After 100 cycles, still 53.9 mAh g-1 (65% of theoretical capacity) could be discharged. 

This excellent cycle performance of the polymer-based coin cells may result from a 

combination of many favorable factors such as the stable electrochemical property of 

the ferrocene moiety, the poor solubility of conjugated poly(fluorenylethynylene) type 

architecture and the homogeneous morphology of the composed electrode. 

 

0 20 40 60 80 100
0

20

40

60

80

100

5 C
 charging
 discharging

10 C
 charging
 discharging

1 C
 charging
 discharging

S
p

ec
if

ic
 c

ap
ac

it
y 

(m
A

h
 g

-1
)

Number of cycles
 

Figure 2.21 PFcFE1-based coin cells at different chargingdischarging rates. 
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Figure 2.22 PFcFE4-based coin cells at different chargingdischarging rates. 

 

2.7 Conjugated ferrocene-containing side-chain metallopolymers for organic 

resistive memory application 

The active polymer layer composed of PFcFE1, PFcFE2, PFcFE3 or PFcFE4 was 

fabricated by a spin coating solution process to construct the memory devices, and the 

electrical bistability was studied by using a two terminal single layer device 

(ITO/polymer/Al). The top Al electrode and the bottom ITO electrode were connected 

to a varying voltage source. A bias was applied to the ITO electrode with respect to 

the Al electrode and the current passing through the electrodes was monitored. Figure 

2.23 exhibits the typical sweep-mode IV characteristics of these sandwich-like 

memory devices. 
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(a)                                  (b) 

 

 

 

 

(c)                                  (d) 

 

 

 

 

Figure 2.23 Typical IV characteristics of the ITO/polymer/Al memory devices: (a) 

PFcFE1, (b) PFcFE2, (c) PFcFE3, (d) PFcFE4. 

 

Table 2.2 The ON and OFF switch voltages of PFcFEs. 

Polymer ON switch voltage (V) OFF switch voltage (V) ON/OFF ratio 

PFcFE1 1.0 2.0 103104 

PFcFE2 0.7 3.0 110 

PFcFE3 0.5 3.2 110 

PFcFE4 2.0 -- 10102 

 

  For the device composed of PFcFE1 (Figure 2.23(a)), the curve was firstly 

recorded by scanning the applied voltage from 0 to 4.0 V (first sweep), and initially 
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the device is at the low-conducting state from 0 to 1.0 V. An abrupt increase in 

current from 10-5 to 10-2 A is observed at the voltage of 1.0 V, implying a transition 

from a state of low conductivity (OFF state) to high conductivity (ON state), which is 

referred as the "write" process. The conductive ON state does not relax to OFF state 

in the subsequent negative sweep from 1.0 to 4.0 V as well as in the following scan 

ranging from 4.0 to 0 V (second sweep), corresponding to the "read" process in the 

memory device. As the voltage swept from 0 to 4.0 V (third sweep), a sudden 

decrease of current from 10-2 to 10-5 A occurs at around 2.0 V, indicating that the high 

conductive state (ON state) abruptly changes back to the low conductive state (OFF 

state), which can be used as the "erase" process. When the device is turned off, the 

resulting OFF state is still maintained as expected in the following fourth sweep from 

4.0 to 0 V. Additionally, the memory device based on PFcFE1 could be repeatedly 

written, read or erased when the switching threshold voltages are reapplied (Fifth 

sweep to eighth sweep), and a high ON/OFF current ratio of 103 to 104 can be 

obtained which is essential for the memory device to work with the minimal 

misreading error. The IV property of ITO/PFcFE1/Al device shares the common 

characteristics with those of flash memory and thus provides an opportunity for 

nonvolatile memory application. The memory behaviors of PFcFE2 and PFcFE3 

with similar polymer backbones are also investigated. As seen in Figures 23(b) and (c), 

both of them show evident electrical bistability and the as-fabricated devices exhibit 

typical flash memory effects. As to PFcFE2, the current increases slowly with the 

sweeping voltage from 0 to 0.7 V. Upon reaching to the voltage of 0.7 V, the device 
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is switched from the OFF state to the ON state. This transition is equivalent to the 

"write" process in the digital memory cell. Notably, the threshold voltage of PFcFE3 

is around 0.5 V and this low operating voltage is desirable for low-power memory 

application. With subsequent sweeping of the voltage under negative bias from 0 to 

4.0 V, the "erase" threshold voltages of PFcFE2 and PFcFE3 are 3.0 and 3.2 V, 

respectively. Figure 2.23(d) shows the IV characteristics of ITO/ PFcFE4/Al 

memory device. By sweeping the voltage from 0 to 4.0 V, a switch in the 

conductivity state is also observed. Upon reaching the threshold voltage of 2.0 V, the 

device switches from the OFF state to the ON state with a prompt current increase 

from 10-4 to 10-2 A, which is the "write" process similar to the memory devices 

constructed by PFcFE1, PFcFE2 or PFcFE3. However, the memory device based on 

PFcFE4 can keep on to the highly conductive state even with subsequent sweeping 

under the negative bias voltage from 0 to 4.0 V, which indicates the "write-once 

read-many times" (WORM) memory effect. 

  Owing to the high ON/OFF current ratio of PFcFE1, the low "write" threshold 

voltage of PFcFE3 and the distinguished memory property of PFcFE4, the stability 

and reproducibility of the memory devices based on these three materials were further 

evaluated under ambient conditions. Figure 2.24(a) shows the stress reliability of 

ITO/PFcFE1/Al memory device as a function of operation time under a constant 

voltage of 1.0 V. The currents in both ON and OFF states are kept stable without 

significant degradation during the testing process. Similarly, the device fabricated by 

PFcFE3 and PFcFE4 also display stable currents under the same condition. In either 
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ON or OFF state, no obvious difference in the current density is observed (Figures 

2.24(c) and (e)). 

(a)                                 (b) 

 

 

 

 

(c)                                 (d) 

 

 

 

 

(e)                                 (f) 

 

 

 

 

 

Figure 2.24 Parameters of the ITO/polymer/Al memory devices: (left) Effect of 

operation time on the device current in the ON and OFF states under a constant stress 

of 1.0 V, (a) PFcFE1, (c) PFcFE3, (e) PFcFE4 ; (right) Effect of read cycles on the 

device current in the ON and OFF states under the continuous read pulses of 1.0 V, 

(b) PFcFE1, (d) PFcFE3, (f) PFcFE4. 
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  In addition, the unobvious effect of a continuous read pulses of 1.0 V in the ON 

and OFF states of PFcFE1, PFcFE3 and PFcFE4 suggests that these three memory 

devices are stable up to 105 read cycles (Figures 2.24(b), (d) and (f)). In other words, 

the almost invariable currents in the ON and OFF states after 3000 s or 105 cycles 

demonstrate the excellent stability of those three prepared materials, indicating the 

potential practical application of conjugated ferrocene-containing side-chain 

metallopolymers in memory devices. 

  To get more insights into the above mentioned different memory behaviors, the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) energy levels of the prepared PFcFE1, PFcFE2, PFcFE3 and 

PFcFE4 were respectively studied by DFT calculations and thin film CV 

measurements. As shown in Figure 2.25, the DFT-calculated HOMO energy levels of 

all molecules are determined by both fluorene and other embedded aromatic moieties 

(triphenylamine in PFcFE1, phenyl-substituted carbazole in PFcFE2, 

ethyl-substituted carbazole in PFcFE3 and thiophene in PFcFE4). Different from 

PFcFE1, PFcFE2 and PFcFE3 in which the LUMO is mainly distributed on 

ferrocene and fluorene units, the calculated LUMO of PFcFE4 is also located on the 

thiophene group, implying the significant influence of the thiophene-based polymeric 

backbone on the stability of the two redox states (Fc/Fc+), which is probably 

responsible for the different memory behavior of PFcFE4. Besides, the CV 

experiments of PFcFE1, PFcFE2, PFcFE3 and PFcFE4 films on glassy carbon 

electrode were also undertaken in anhydrous acetonitrile containing 0.1 mol L-1 
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Table 2.3 Electrochemical energy levels of PFcFEs. 

Polymer Eox (onset) [V] HOMO [eV][a] Ered (onset) [V] LUMO [eV][b] 

PFcFE1 0.60 −5.40 −1.19 −3.61 

PFcFE2 0.66 −5.46 −1.14 −3.66 

PFcFE3 0.86 −5.66 −1.03 −3.77 

PFcFE4 0.69 −5.49 −1.24 −3.56 

[a] Calculated from − (Eox (onset) + 4.80).  

[b] Calculated from − (Ered (onset) + 4.80). 

 

  After the thorough anatomization of the IV characteristics, the CV results and the 

DFT calculation data, a redox mechanism was proposed to explain the conduction 

process. As the reversible redox property of ferrocene has been well studied and both 

ferrocene (Fe2+) and its oxidized form ferrocenium (Fe3+) are extremely stable.[22, 23] 

This inherent characteristic of ferrocene obviously underlies the nonvolatile memory 

applications of the prepared ferrocene-containing metallopolymers. However, the 

main-chain structures of all conjugated polymers embedded with different moieties, 

triphenylamine in PFcFE1, 9-phenylcarbazole in PFcFE2, 9-ethylcarbazole in 

PFcFE3 and thiophene in PFcFE4, also show a great influence on the memory 

performance by the tunable electrochemical properties. When a negative bias is firstly 

applied (from 0 to 4.0 V), the transition from a low conductive OFF state to a high 

conductive ON state implies the oxidation of the ferrocene unit (Fe2+ + e-  Fe3+). As 

calculated from the CV results, the lowest energy barriers between the work function 

of ITO and the HOMO energy levels of PFcFE1, PFcFE2 and PFcFE3 follow the 

order: PFcFE3 (0.96 eV) ˃ PFcFE2 (0.76 eV) ˃ PFcFE1 (0.70 eV), which leads to 

the different threshold voltages of the ON state in memory devices (PFcFE1 ˃ 



PFcF

energ

polym

appli

Figur

PFcF

electr

  As

the b

4.0 

thiop

becom

oxida

condu

memo

FE2 ˃ PFcF

gy barriers 

mers (PFcFE

ed to explain

re 2.26 Mo

FE1, PFcFE

rodes. 

s to PFcFE4

bistable cond

V may prob

hene units in

mes more c

ation/reducti

uctive state,

ory device. 

FE3). Simila

between the

E3 (0.63 eV

n the differen

olecular sim

E2 and PF

4 in which t

ductive proc

bably induc

n the polym

onducting w

ion process

, resulting in

The DFT ca

arly, when sw

e work fun

V) ˂ PFcFE

nt OFF swit

mulation of 

cFE3 along

the thiophen

ess is more 

ce the electr

mer chain. Th

when electro

 and subs

n the non-re

alculated LU

 

90

weeping from

nction of A

E2 (0.74 eV)

ch voltages 

the HOMO

g with the 

 
ne moiety is 

complicated

rochemical c

he formed th

ons are remo

equently ho

ewritable pe

UMO model

m 0 to 4 V, 

l and the L

) ˂ PFcFE1

(PFcFE3 ˃ 

O and LUM

work funct

prone to po

d. The initia

coupling of 

hiophene-agg

oved/added 

old the de

erformance o

l of PFcFE4

the differen

LUMO leve

1 (0.79 eV))

PFcFE2 ˃ P

MO energy l

tion of ITO

olymerize ox

al negative b

the mono-s

gregated poly

during the 

evice onto 

of the PFcF

4 could furt

nces of the 

els of the 

) could be 

PFcFE1). 

 

levels for 

O and Al 

xidatively, 

bias up to 

substituted 

ymer then 

following 

the high 

FE4-based 

ther prove 



 

91 

the possible thiophene-based redox process. 

2.8 Conclusions 

In this chapter, a new type of conjugated ferrocene-containing side-chain 

metallopolymers PFcFE1, PFcFE2, PFcFE3 and PFcFE4 was designed and 

synthesized. The structures of all the prepared polymers were studied by 1H NMR and 

FTIR spectroscopies and their molecular masses were determined by SEC. In addition, 

their photophysical and thermal properties were also explored by UV-Vis absorption 

and photoluminescence spectroscopies and TGA. 

  Notably, the chargingdischarging processes of PFcFE1 and PFcFE4 have been 

successfully studied as cathode materials. PFcFE1-based cathode shows a capacity of 

90 mAh g-1 and PFcFE4-composed electrode retains over 90% of the initial capacity 

after 100 chargingdischarging cycles at 10 C. The ferrocene-based moiety, the 

conjugated poly(fluorenylethynylene) type skeleton and the homogeneous electrode 

composition work together and facilitate the specific capacity, rate capability and 

cycle endurance of lithium-ion batteries. These results demonstrate the potential of 

these synthetic polymers as organic cathode materials for rechargeable lithium 

batteries. 

  Besides, all the synthetic ferrocene-containing metallopolymers PFcFE1, PFcFE2, 

PFcFE3 and PFcFE4 also exhibit nonvolatile resistive switching behaviors with the 

flash memory effect of PFcFE1, PFcFE2 and PFcFE3 as well as the "WORM" 

memory feature of PFcFE4, which suggests the easily tunable memory properties by 

changing the chemical structures of the active polymeric backbones. In particular, the 
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threshold voltages of 1.0, 0.7, 0.5 and 2.0 V in PFcFE1, PFcFE2, PFcFE3 and 

PFcFE4 imply the main-chain architecture of the as-prepared polymers plays a 

significant role on the memory behaviors. It is also worth noting that the 

ITO/PFcFE1/Al memory device shows a high ON/OFF current ratio of 103 to 104, a 

low switch-on voltage of 1.0 V, a long retention time of 1000 s and a large read cycle 

number up to 105, which is superior to other reported ferrocene-containing memory 

systems.[23, 24] 
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Chapter 3 Non-Conjugated Ferrocene-Containing Copolymers for 

Organic Battery and Memory Applications 

 

3.1 Introduction 

In the past decades, ferrocene-containing polymers have attracted a great deal of 

attention not only because of their optoelectronic and magnetic properties, but also  

due to their redox activity as well as their mechanical stability. The intensively 

reported ferrocene-based functional polymers could be generally divided into 

conjugated structures and non-conjugated architectures.[1,2] Conjugated 

ferrocene-containing side-chain metallopolymers applied for battery and memory 

applications have been elaborated in chapter 2. Compared with the corresponding 

conjugated polymer which bears the active nitroxide radical in the main chain, a 

recently developed non-conjugated polythiophene derivative incorporated with a 

nitroxide radical as the pedant has been proven to exhibit more stable electrochemical 

characteristics after quantitative redox reactions.[3] In addition, Schubert and 

co-workers also successfully eluded the fluctuating cell potential issue commonly 

occurred in conjugated redox-active groups by utilization of polymers with 

non-conjugated pendant structures.[4] Inspired by these reported results, we are 

interested in exploring the battery performances of those non-conjugated 

ferrocene-containing copolymers with pendant redox-isolated groups in this chapter. 

  As mentioned earlier, the gravimetric capacity of lithium-ion batteries greatly 

depends on the number of electrons transferred per each structural unit. Bearing this 
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in mind, we are attempting to introduce organic functional moieties with several 

redox-active sites into the non-conjugated ferrocene-containing copolymers to 

develop some multi-electron redox systems. Heteroatoms, such as nitrogen, oxygen 

and sulfur, normally contain the lone pair electrons, and thus heteroatom-based 

organic molecules are liable to be reversibly oxidized to the corresponding positively 

charged species by kicking off the non-bonding electrons, which indicates the huge 

potential of heteroatomic compounds as active electrode materials for battery 

application.[5] Herein, typical heteroaromatic building blocks including carbazole, 

triphenylamine, phenothiazine or pyridine derivatives are selected as monomers to 

copolymerize with vinylferrocene (VF), affording the desired non-conjugated 

copolymers with two isolated functional pendants: the ferrocene-containing moiety 

and the heteroatom-based organic unit. 

  Compared with doped or mixed memory systems which always suffer from 

unfavorable phase separation and ion aggregation owing to the uniformly dispersed 

components, single-layer memories enjoy the extraordinary advantages.[6] A 

processable copolymer that can provide essential electronic properties and still 

possess good mechanical and morphological features within a single architecture is 

obviously a desirable alternative for memory application. However, previous interest 

in non-conjugated single-layer memories mainly focused on the carbazole-based 

copolymers in which the conductance behavior could be switchable via intrachain - 

stacking alignment.[710] In order to improve the performances of ferrocene-based 

single-layer memory devices, we try to offer a general method to utilize the steric and 
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electronic effects of bulky moieties for tuning switching behaviors by copolymerizing 

ferrocene and other electroactive heteroaromatic pendants. 

  Among a wide variety of available copolymerization methods, free radical initiated 

chain addition polymerization is one of the most versatile strategies which allows 

facile polymeric reactions. In particular, 2,2'-azobis(isobutyronitrile) (AIBN) is 

probably the most commonly used radical initiator which could eliminate a molecule 

of nitrogen gas to efficiently form two 2-cyanoprop-2-yl radicals to attack the olefinic 

double bond of vinyl monomers.[1114] Additionally, the good solubility of AIBN also 

allows for its easy removal from organic solvents after polymerization. Therefore, a 

series of non-conjugated ferrocene-containing side-chain metallopolymers PVFVM1, 

PVMVM1-1, PVFVM2, PVFVM3, PVFVM4, PVFVM5 and PVFVM6 was 

constructed through AIBN-initiated free-radical copolymerization. Their structural 

features, optical properties, thermal characteristics, charging/discharging 

performances as well as switchable memory behaviors have been systematically 

investigated. 

3.2 Synthesis of non-conjugated ferrocene-containing copolymers 

The synthetic routes for preparation of vinyl-functionalized triphenylamine and 

phenothiazine monomers VM1, VM2 and VM3 are outlined in Schemes 3.13.3. 

  For VM1, triphenylamine firstly reacted with phosphoryl chloride and N, N- 

dimethylformamide to produce 4-(diphenylamino)benzaldehyde VM1-1 through the 

Vilsmeier-Haack reaction. The vinyl group was then introduced into VM1-1 by 

utilization of triphenylphosphonium ylide under a basic condition via the Wittig 
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reaction to give N, N- diphenyl-4-vinylaniline VM1 (Scheme 3.1).[15] 

 

Scheme 3.1 Schematic representation of the synthesis of VM1. 

 

  4-Methyl-N-phenyl-N-(p-tolyl)aniline VM2-1 was obtained from aniline and 

1-iodo-4-methylbenzene under a CuI/1,10-phenantholine/NaOH catalytic process. 

Then, 4-methyl-N-(p-tolyl)-N-(4-vinylphenyl)aniline VM2 could be synthesized 

through a similar route as VM1 (Scheme 3.2). 

 

Scheme 3.2 Schematic representation of the synthesis of VM2. 

 

  As shown in Scheme 3.3, methylation of phenothiazine produced 
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10-methyl-10H-phenothiazine VM3-1 in the first step. Similarly, 

10-methyl-10H-phenothiazine-3-carbaldehyde VM3-2 and 10-methyl-3-vinyl-10H- 

phenothiazine VM3 could be respectively prepared from the Vilsmeier-Haack and 

Wittig reactions.[16] 
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Scheme 3.3 Schematic representation of the synthesis of VM3. 

 

  With other compounds 2-(4-vinylphenyl)benzo[d]thiazole VM4, 

5-(4'-vinyl-[1,1'-biphenyl]-4-yl)-2,2'-bipyridine VM5 and 9-vinylcarbazole VM6 in 

hand, the polymerization reactions between the vinyl-based heteroatomic monomers 

VM1VM6 and an equivalent amount of vinylferrocene were carried out by using 

AIBN as the radical initiator to afford the desired copolymers PVFVM1, PVFVM2, 

PVFVM3, PVFVM4, PVFVM5 and PVFVM6 with different compositions.[17, 18] 

Notably, if equivalent amounts of vinylferrocene and VM1 were employed for 

copolymerization, the mole ratio of ferrocene to triphenylamine in the resulting 

copolymer was approximately 1 : 2.7 as calculated from the 1H NMR spectrum. By 

increasing the feed ratio of vinylferrocene to three molar equivalents, the composition 

of the two isolated pendants in PVFVM1-1 would be adjusted to 1 : 0.8 (Scheme 3.4). 
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Scheme 3.4 Schematic representation of the synthesis of PVFVMs. 

 

 3.3 Structural determination of non-conjugated ferrocene-containing 

copolymers 

The structures of all the synthesized non-conjugated ferrocene-containing copolymers 

were characterized by 1H NMR and FTIR spectroscopies, and their molecular masses 

were determined by SEC. All the detailed data are summarized in the experimental 
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part. 

(i) 1H NMR 

In consideration of dissolving capacities and chemical shifts, different deuterated 

solvents were used for 1H NMR analysis, and the corresponding spectra of all the 

obtained copolymers PVFVM1, PVFVM1-1, PVFVM2, PVFVM3, PVFVM4, 

PVFVM5 and PVFVM6 are shown in Figures 3.13.7. 

  All signals in the 1H NMR spectra are consistent with their structures. Protons at δ 

= 3.005.00 ppm are assigned to the ferrocene unit, while broadened peaks at δ = 

6.008.00 ppm are attributed to other aromatic protons. As for PVFVM2 and 

PVFVM3, the methyl protons are shown at δ = 2.003.50 ppm. 

 

Figure 3.1 1H NMR spectrum of PVFVM1 in CDCl3. 
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Figure 3.2 1H NMR spectrum of PVFVM1-1 in CDCl3. 

 

 

Figure 3.3 1H NMR spectrum of PVFVM2 in CDCl3. 
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Figure 3.4 1H NMR spectrum of PVFVM3 in CD2Cl2. 

 

 

Figure 3.5 1H NMR spectrum of PVFVM4 in CD2Cl2. 
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Figure 3.6 1H NMR spectrum of PVFVM5 in THF-d8. 

 

 

Figure 3.7 1H NMR spectrum of PVFVM6 in CD2Cl2. 
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  The mole ratio of ferrocene unit and heteroaromic moiety in each copolymer can be 

calculated from the corresponding integrations of characteristic protons in the 1H 

NMR spectra (Table 3.1). 

Table 3.1 Compositions of PVFVMs calculated from 1H NMR spectra. 

 

(ii) FTIR 

Figure 3.8 shows the FTIR spectra of all non-conjugated ferrocene-containing 

copolymers. The FTIR results clearly give the characteristic absorption peaks of 

ferrocene and other aromatic units.[19, 20] For example, in the IR spectrum of 

PVFVM1, the wavenumber at 3058 cm-1 is typical of the C-H stretching of ferrocene, 

whereas peaks at 1591 and 1490 cm-1 are due to C=C stretching signals of 

triphenylamine moiety, the peak at 1276 cm-1 due to C-N stretching, absorptions at 

1107 and 1000 cm-1 due to C-C stretching of ferrocene and signals at 824 and 509 

Polymer ferrocene unit : heteroaromic moiety (mole ratio)  

PVFVM1 0.27 : 0.73 

PVFVM1-1 0.56 : 0.44 

PVFVM2 0.24 : 0.76 

PVFVM3 0.23 : 0.77 

PVFVM4 0.26 : 0.74 

PVFVM5 0.18 : 0.82 

PVFVM6 0.10 : 0.90 
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cm-1 due to C-H bending and C-Fe stretching in ferrocene, respectively. All the details 

can refer to the data in chapter 6. 

4000 3500 3000 2500 2000 1500 1000 500

PVFVM4

PVFVM3

PVFVM1

PVFVM1-1

PVFVM2
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Wavenumber (cm -1)

 

Figure 3.8 IR spectra of PVFVMs by using KBr pellet method. 

 

(iii) SEC 

The molecular weights of all synthetic copolymers were analyzed by SEC. The results 

are shown in Table 3.2. The molecular masses and the polydispersity indexes of these 

copolymers show great differences from each other, which is probably due to the 

different solubilities and polymerization properties of the corresponding monomers. 
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Figure 3.9 Size exclusion chromatograms of PVFVMs. 

 

Table 3.2 Molecular masses and PDIs of PVFVMs. 

Polymer Mn (g mol-1) Mw (g mol-1) PDI (Mw/Mn) 

PVFVM1 9.1 × 103 1.1 × 104 1.2 

PVFVM1-1 7.6 × 103 8.7 × 103 1.1 

PVFVM2 1.8 × 104 2.1 × 104 1.2 

PVFVM3 6.2 × 103 6.8 × 103 1.1 

PVFVM4 1.3 × 104 1.5 × 104 1.1 

PVFVM5 8.6 × 103 1.0 × 104 1.2 

PVFVM6 7.7 × 103 1.0 × 104 1.4 
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3.4 Optical characteristics of non-conjugated ferrocene-containing copolymers 

The optical features of all the synthetic non-conjugated ferrocene-containing 

copolymers were comprehensively investigated by UV-Vis absorption and 

photoluminescence (PL) spectroscopies. 

(i) UV-Vis absorption spectroscopy 
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Figure 3.10 Comparative UV spectra of VF and PVFVMs in THF. 

 

The UV-Vis absorption measurements of all the non-conjugated copolymers were 

performed in THF solution. The comparative spectra of vinylferrocene, PVFVM1, 

PVFVM1-1, PVFVM2, PVFVM3, PVFVM4, PVFVM5 and PVFVM6 are given in 

Figure 3.10. All metallopolymers and vinylferrocene exhibit strong absorptions at 250 

and 298 nm. It is noted that only vinylferrocene shows the maximum absorption 
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wavelength located at 449 nm, which indicates the disruptive conjugated structures of 

vinylferrocene after copolymerization. 

(ii) PL spectroscopy 

Figure 3.11 shows the normalized PL spectra of vinylferrocene and PVFVM 

copolymers in THF solution. All emissive peaks of the non-conjugated 

ferrocene-containing metallopolymers could be found in the range of 350500 nm. 
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Figure 3.11 Comparative PL spectra of VF and PVFVMs in THF. 
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3.5 Thermal properties of non-conjugated ferrocene-containing copolymers 

The thermal stabilities of PVFVM1, PVFVM1-1, PVFVM2, PVFVM3, PVFVM4, 

PVFVM5 and PVFVM6 were investigated by TGA. The corresponding temperatures 

with 5% weight loss are 394, 388, 390, 369, 348, 387 and 396 ○C, respectively, 

suggesting the high thermal stability of all these copolymers which is crucial for their 

battery and memory applications (Figure 3.12). 
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Figure 3.12 TGA curves of PVFVMs. 

 

3.6 Non-conjugated ferrocene-containing copolymers for organic lithium-ion 

battery application 

(i) Electrochemical performances in solution 

Despite the well-known redox property of ferrocene, it is essential to perform the CV 
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experiments for the initial electrochemical investigations of these heteroatom-based 

organic moieties in the as-prepared copolymers. As the triphenylamine unit has been 

proven to enable the quasi-reversible oxidation (PFcFE1 in chapter 2), the 

corresponding triphenylamine-involved polymers PVFVM1, PVFVM1-1 and 

PVFVM2 were skipped for the CV analysises. 

  The electrolyte consisting of 0.1 mol L-1 TBAP in CH2Cl2 normally has a large 

potential window, and thus the electrochemical properties of PVFVM3, PVFVM4, 

PVFVM5 and PVFVM6 were firstly investigated in this electrolyte. CV experiments 

were performed by using an ALS 660Dx electrochemical analyzer at room 

temperature under a nitrogen atmosphere. A coiled platinum wire was used as the 

counter electrode, Ag/AgCl as the reference, and both platinum and glassy carbon 

were studied as the working electrode. All the resulting redox potentials are 

summarized in Tables 3.3 and 3.4. 

  As shown in Figures 3.13 and 3.14, the working electrode does have an effect on 

the CV behaviors of the prepared copolymers. By comparing the electrochemical 

performances of two different working electrodes, better CV results could be obtained 

in PVFVM3, PVFVM4 and PVFVM6 by using Pt as the working electrode, while 

glassy carbon electrode is more suitable for PVFVM5. Unfortunately, no stable redox 

signals of the organic heteroaromatic moieties are shown as expected. 
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(a)                                 (b) 

 

 

 

 

(c)                                (d) 

 

 

 

 

Figure 3.13 CV curves of (a) PVFVM3, (b) PVFVM4, (c) PVFVM5 and (d) 

PVFVM6 in 0.1 mol L-1 TBAP CH2Cl2 solution at a scan rate of 100 mV s-1. 

Ag/AgCl as the reference, coiled platinum wire as the counter and Pt as the working 

electrode, 10 cycles. 

 

Table 3.3 Electrochemical data of PVFVM3, PVFVM4, PVFVM5 and PVFVM6 in 

0.1 mol L-1 TBAP CH2Cl2 solution by using Pt working electrode. The redox potential 

is calculated by taking Fc/Fc+ (E1/2 = 0.52 V) as the reference. 

Polymer Eox, 1 (V) Ered, 1 (V) E1/2, 1 (V) Eox, 2 (V) Ered, 2 (V) E1/2, 2 (V)

PVFVM3 0.032 -0.186 -0.077 0.355 0.486 0.421 

PVFVM4 0.062 -0.112 -0.024 -- -- -- 

PVFVM5 -- -- -- -- -- -- 

PVFVM6 0.040 -0.176 -0.068 -- -- -- 
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(a)                                (b) 

 

 

 

 

(c)                                (d) 

 

 

 

 

Figure 3.14 CV curves of (a) PVFVM3, (b) PVFVM4, (c) PVFVM5 and (d) 

PVFVM6 in 0.1 mol L-1 TBAP CH2Cl2 solution at a scan rate of 100 mV s-1. 

Ag/AgCl as the reference, coiled platinum wire as the counter and glass carbon as the 

working electrode, 10 cycles. 

 

Table 3.4 Electrochemical data of PVFVM3, PVFVM4, PVFVM5 and PVFVM6 in 

0.1 mol L-1 TBAP CH2Cl2 solution by using glass carbon working electrode. The 

redox potential is calculated by taking Fc/Fc+ (E1/2 = 0.52 V) as the reference. 

Polymer Eox, 1 (V) Ered, 1 (V) E1/2, 1 (V) Eox, 2 (V) Ered, 2 (V) E1/2, 2 (V)

PVFVM3 -0.020 -0.728 -0.374 -- -- -- 

PVFVM4 0.082 -0.211 -0.065 -- -- -- 

PVFVM5 -0.029 -0.231 -0.130 -- -- -- 

PVFVM6 0.008 -0.172 -0.082 -- -- -- 
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 (ii) Electrochemical performances of thin layer electrodes 

Thin layer electrodes of PVFVM1, PVFVM1-1, PVFVM2, PVFVM3, PVFVM4, 

PVFVM5 and PVFVM6 were prepared by spin-coating THF solutions (10 mg 

polymer in 1 mL THF) on ITO substrates using MIKASA Opticoat MS-A 100 spin 

coater. Electrodes were then dried under vacuum at room temperature for 12 h. 

Thicknesses of the resulting thin layer electrodes were measured by the KLA-Tencor 

P6 surface analyzer (Table 3.5). 

Table 3.5 Thicknesses of thin layer electrodes based on PVFVMs. 

Polymer Thickness (nm) 

PVFVM1 40 

PVFVM1-1 70 

PVFVM2 90 

PVFVM3 60 

PVFVM4 70 

PVFVM5 70 

PVFVM6 80 

 

  The electrochemical properties of all thin layer electrodes were then investigated by 

using a conventional cell (Figure 3.15). The electrolyte solution consists of 0.1 mol 

L-1 TBAP in acetonitrile. A coiled platinum wire was used as the counter electrode and 

the Ag/AgCl as the reference. An ALS 660Dx electrochemical analyzer was employed 

for electrochemical measurements. The formal potential of the Fc/Fc+ couple was 0.45 

V vs. this reference electrode. 
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(a)                                 (b)  

 

 

 

(c)                                      (d)  

 

 

 

 

(e)                                 (f)  

 

 

 

(g)  

 

 

 

 

Figure 3.15 CV curves of (a) PVFVM1, (b) PVFVM1-1, (c) PVFVM2, (d) 

PVFVM3, (e) PVFVM4, (f) PVFVM5 and (g) PVFVM6 thin layer electrodes in 0.1 

mol L-1 TBAP acetonitrile solution with a coiled platinum wire as the counter 

electrode and Ag/AgCl as the reference electrode at a scan rate of 10 mV s-1. The 

potential of the Fc/Fc+ redox couple was 0.45 V vs. this reference electrode. 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
-0.0002

0.0000

0.0002

0.0004

0.0006

0.0008

 

 

C
u

rr
en

t 
d

en
si

ty
 (

A
 c

m
-2
)

Potential vs. Fc/Fc+ (V)

PVFVM1, thin layer elctrode, 20 cycles

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

-0.0002

-0.0001

0.0000

0.0001

0.0002

0.0003

0.0004

 

 

C
u

rr
en

t 
d

en
si

ty
 (

A
 c

m
-2
)

Potential vs. Fc/Fc+ (V)

PVFVM1-1, thin layer electrode, 20 cycles 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.00000

0.00003

0.00006

0.00009

0.00012

 

 

C
u

rr
en

t 
d

en
si

ty
 (

A
 c

m
-2
)

Potential vs. Fc/Fc+ (V)

PVFVM2, thin layer electrode, 20 cycles

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

-0.00003

0.00000

0.00003

0.00006

0.00009

 

 

C
u

rr
en

t 
d

en
si

ty
 (

A
 c

m
-2
)

Potential vs. Fc/Fc+ (V)

PVFVM4, thin layer electrode, 20 cycles

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

-0.00001

0.00000

0.00001

0.00002

0.00003

0.00004

 

 
C

u
rr

en
t 

d
en

si
ty

 (
A

 c
m

-2
)

Potential vs. Fc/Fc+ (V)

PVFVM5, thin layer electrode, 20 cycles

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
-0.00005

0.00000

0.00005

0.00010

0.00015

0.00020

0.00025

 

 

C
u

rr
en

t 
d

en
si

ty
 (

A
 c

m
-2
)

Potential vs. Fc/Fc+ (V)

PVFVM3, thin layer electrode, 20 cycles

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.00000

0.00008

0.00016

0.00024

0.00032

 

 

C
u

rr
en

t 
d

en
si

ty
 (

A
 c

m
-2
)

Potential vs. Fc/Fc+ (V)

PVFVM6, thin layer electrode, 20 cycles



 

117 

Table 3.6 Electrochemical data of thin layer electrodes based on PVFVM1, 

PVFVM1-1, PVFVM2, PVFVM3, PVFVM4, PVFVM5 and PVFVM6 in 0.1 mol 

L-1 TBAP acetonitrile solution by using glass carbon working electrode. The redox 

potential is calculated by taking Fc/Fc+ (E1/2 = 0.45 V) as the reference. 

Polymer Eox, 1 (V) Ered, 1 (V) E1/2, 1 (V) Eox, 2 (V) Ered, 2 (V) 

PVFVM1 E1/2 = -0.06, 0.30, and 0.42 V 

E1/2 = -0.06, 0.30, and 0.42 V PVFVM1-1 

PVFVM2 0.179 0.343 0.261 0.523 -- 

PVFVM3 0.045 -- -- 0.251 -- 

PVFVM4 0.105 -0.073 0.016 --  

PVFVM5 -- -- -- -- -- 

PVFVM6 0.501 -- -- 0.683/0.773 -- 

 

  As for the thin layer electrodes of all as-prepared seven copolymers, PVFVM1 and 

PVFVM1-1 showed the best electrochemical results by comparing the corresponding 

CV graphs (Figures 3.15(a) and (b)). Both polymers display reversible redox couples 

at the half wave potentials E1/2 of –0.06, 0.30, and 0.42 V (vs. Fc/Fc+). The redox 

wave at E1/2 = –0.06 V should be attributed to the reversible redox reaction of the 

ferrocene unit, and the second and third waves were assigned to the redox processes 

of the triphenylamine moiety. Irreversible oxidation peaks were observed at around 

E1/2 = 0.52 V in the first cycle for both polymers. It should be noted that the intensity 

of the redox signal decreases during the first few cycles and then remains stable. This 

was probably due to the irreversible coupling reaction of the triphenylamine unit 

during the initial redox cycles, which led to the partially structural changes of 
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polymers and further split the redox peak of triphenylamine moiety into two signals at 

E1/2 = 0.30 and 0.42 V.[21] After the initial oxidative processes, the stabilities of thin 

layer electrodes based on PVFVM1 and PVFVM1-1 were improved, and thus stable 

redox waves can be observed in the following cycles. The approximately symmetrical 

anodic and cathodic peaks of PVFVM1 and PVFVM1-1 with relatively narrow 

potential separations at a scan rate of 10 mV s–1 also indicated their high coulomb 

efficiency and good redox reversibility. Besides, the different electrode thicknesses as 

well as the variable cross-linking effects between PVFVM1 and PVFVM1-1 were 

speculated to the small influences of their CV behaviors.[22] As shown in Figures 

3.15(c), (d), (e), (f) and (g), the terrible decreasing problems of thin layer electrodes 

based on PVFVM2, PVFVM3, PVFVM4, PVFVM5 and PVFVM6 were probably 

caused by their intrinsic good solubilities in acetonitrile. In particular, for PVFVM5, 

an abnormally stable redox signal was detected after the first cycle, this unusual 

phenomenon could be explained with the coordination of Fc+ and N ˄ N ligand.[23] 

(iii) Electrochemical performances of composite electrodes 

Based on the performances of thin layer electrodes, the electrochemical behaviors of 

PVFVM1 and PVFVM1-1 were investigated as composite layers with VGCF as 

conducting adjuvant and PVDF as binding additive. The carbon composite electrodes 

consisting of PVFVM1 and PVFVM1-1 were prepared, and their electrochemical 

properties were then measured by CV and chronopotentiometry (CP). The irreversible 

oxidation peaks in thin layer electrodes were also observed in composite electrodes in 

the first cycle. After the first electrochemical activation process, the active cathode 
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material gained high electron affinity and good reversibility. The CV curves of the 

carbon composite electrodes displayed more durable redox peaks than the thin layer 

electrodes (Figure 3.16) due to the better electron conductivity and durability which 

are enhanced by compositing the polymers with conductive carbon fibers and binders. 

Therefore, the composite electrodes were selected for further electrochemical 

investigation. 

(a)                                (b) 

 

 

 

 

 

 

Figure 3.16 CV curves of (a) PVFVM1 and (b) PVFVM1-1 polymer composite 

electrodes (polymer/VGCF/PVDF, 1/8/1, w/w/w) in 0.1 mol L-1 TBAP acetonitrile 

solution with a coiled platinum wire as the counter electrode and Ag/AgCl as the 

reference electrode at a scan rate of 5 mV s-1. The potential of the Fc/Fc+ redox couple 

was 0.45 V vs. this reference electrode. 

 

(IV) Chargingdischarging performances 

The chargingdischarging behaviors of the as-prepared polymer composite electrodes 

composed of PVFVM1 and PVFVM1-1 were further examined. Half cells were 

investigated by using polymer film as the working electrode, Pt wire as the counter 

electrode and Ag/AgCl as the reference electrode. The specific capacities of the 

composite electrodes were measured at the rate of 10 C, which corresponds to 360 
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seconds in full charging or discharging. As shown in Figure 3.17, multiple plateau 

regions in the charging/discharging curves were observed and these plateaus should 

be attributed to the three redox reactions similarly observed in CV. It could be 

deduced that both triphenylamine units and organometallic ferrocene moieties 

successfully functioned as the redox centers and thus the desired multiple redox 

couples were present during the chargingdischarging process. In the differential 

curves, the symmetric peaks (except the first cycle) and small peak separations 

implied excellent redox reversibility of the electrode reactions. 

  The composite electrode fabricated by PVFVM1, which consisted of more 

triphenylamine components, exhibited a capacity of 102 mAh g–1 at the initial cycle, 

corresponding to 98% of its theoretical capacity (104 mAh g–1). Comparatively, the 

polymer electrode consisting of PVFVM1-1 showed a capacity of 45 mAh g–1 (41% 

of its theoretical capacity, 111 mAh g–1) under the same condition, which indicated a 

dominant role of the cross-linking effect resulted from the triphenylamine unit during 

the whole electrochemical cycles. Notably, the different chargingdischarging 

behaviors of the composite electrodes with different composition ratios suggest that 

the operational characteristics of molecular electrode materials could be engineered 

simply by changing the relative mole ratio of ferrocene and triphenylamine pendants 

in the copolymer. As mentioned earlier, the sharp decrease of the current density in 

the first cycle was probably induced by the irreversible cross-linking activation. After 

that, the composite electrodes could be further stabilized. In the following 10 

chargingdischarging cycles, the capacities of both polymer-composite electrodes 
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slightly dropped, which may be caused by the elution of shorter active polymer chains 

into the electrolyte. 

(a)                                (b) 

 

 

 

 

Figure 3.17 Chargingdischarging curves for (a) PVFVM1 and (b) PVFVM1-1 

polymer composite electrodes (polymer/VGCF/PVDF, 1/8/1, w/w/w) at the rate of 10 

C, solid lines correspond to charging curves and dotted lines to discharging curves. 

 

  The cycle stability of the composite electrodes based on PVFVM1 and 

PVFVM1-1 was subsequently evaluated for over 50 cycles (Figure 3.18). It was 

found that electrodes based on both polymers showed a similar cycling performance 

after 50 cycles, revealing that no rapid capacity fading and no significant capacity 

reduction over cycles were observed. The unstable cycling performance and 

degenerated specific capacities at the initial cycles can be explained by the oxidative 

coupling of the triphenylamine moieties and some extent of the dissolution of the 

active material, especially in the initial charging process.[21] Different from most 

organic based electrodes which would be easily eluted in the electrolyte, the capacities 

of these two polymers in the following chargingdischarging processes can be 

maintained quite stable after the completion and stabilization of the resulting 

cross-linking structures. 
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(a)                                (b) 

 

 

 

 

 

Figure 3.18 Chargingdischarging cycle performance for (a) PVFVM1 and (b) 

PVFVM1-1 polymer composite electrodes (polymer/VGCF/PVDF, 1/8/1, w/w/w) at 

the rate of 10 C. 

 

3.7 Non-conjugated ferrocene-containing copolymers for organic resistive 

memory application 

As mentioned earlier, a solution manufacturing process was applied to fabricate the 

memory device. Taking the solubility into consideration, all copolymers, except for 

PVFVM5 which was poorly dissolved in commonly used organic solvents, were 

further explored for the resistive memory application. 

  The memory cells based on PVFVM1, PVFVM1-1, PVFVM2, PVFVM3, 

PVFVM4 and PVFVM6 were electrically examined in order to analyze their 

switching characteristics. Figure 3.19 shows the representative IV curves in single 

active polymer layer, and the exact values of the ON and OFF switching voltages are 

summarized in Table 3.7. 
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(a)                                (b) 

 

 

 

 

 

(c)                                (d)  

 

 

 

 

 

(e)                                (f) 

 

 

 

 

 

Figure 3.19 Typical IV characteristics of the ITO/polymer/Al memory devices: (a) 

PVFVM1, (b) PVFVM1-1, (c) PVFVM2, (d) PVFVM3, (e) PVFVM4, (f) 

PVFVM6. 
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Table 3.7 The ON and OFF switch voltages of PVFVMs. 

Polymer ON switch voltage (V) OFF switch voltage (V) ON/OFF ratio 

PVFVM1 1.0 2.5 104 

PVFVM1-1 0.5 2.5 104 

PVFVM2 1.5 2.2 104 

PVFVM3 2.5 3.5 102 

PVFVM4 0.6 2.5 102 

PVFVM6 1.0 2.8 103 

 

  For the copolymer PVFVM1, when the bias was swept from 0 to 4.0 V, the 

current transport in high resistive state (OFF) abruptly transited to the low resistive 

state (ON) at the turning point of 1.0 V. Once the bias was scanned back, the low 

resistive state was kept until the bias exceeded the threshold OFF voltage of 2.5 V and 

high resistive state was recovered. The devices showed a good current ON/OFF ratio 

of 104. Similarly, PVFVM1-1, PVFVM2, PVFVM3, PVFVM4 and PVFVM6 

exhibited the ON switch voltages of 0.5, 1.5, 2.5, 0.6 and 1.0 V and the OFF 

switch voltages of 2.5, 2.2, 3.5, 2.5 and 2.8 V, respectively. Measurements of other 

memory parameters including the retention ability and the programmed cycle number 

are now in progress. 

3.8 Conclusions 

In this chapter, seven new non-conjugated ferrocene-containing copolymers 

PVFVM1, PVFVM1-1, PVFVM2, PVFVM3, PVFVM4, PVFVM5 and PVFVM6 

based on ferrocene and heteroaromatic moieties were designed and synthesized by 
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AIBN-initiated chain addition polymerization for organic lithium-ion battery and 

polymeric resistive memory applications. 

  Thereinto, the as-prepared copolymers PVFVM1 and PVFVM1-1 exhibited 

electrochemical characteristics of both ferrocene and triphenylamine pendants with 

reversible multiple redox waves at the half potentials of E1/2 = –0.06, 0.30, and 0.42 V 

(vs. Fc/Fc+), respectively. Notably, the composite electrode based on PVFVM1 

gained a discharge capacity of 102 mAh g–1 at 10 C, corresponding to 98% of its 

theoretical capacity. The cycle endurances of the active polymer electrodes composed 

of PVFVM1 or PVFVM1-1 were both evaluated for over 50 numbers and no 

significant capacity reduction over cycles were observed. All these results suggest the 

composite cathodes based on these two polymers are good candidates as active 

materials for organic lithium-ion batteries. 

  Initial IV curves of memory devices based on PVFVM1, PVFVM1-1, PVFVM2, 

PVFVM3, PVFVM4 and PVFVM6 also exhibited their excellent binary switching 

behaviors with good ON/OFF current ratios, demonstrating their huge potentials in 

data-storing applications. More technical parameters and optimized memory devices 

are now under deep investigation. 
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Chapter 4 Conjugated Ferrocene-Containing Main-Chain 

Metallopolymers for Organic Battery and Memory Applications 

 

4.1 Introduction 

As mentioned earlier, ferrocene-containing metallopolymers have been exponentially 

explored in recent years as promising functional materials applied in many different 

areas.[113] In ferrocene-containing metallopolymers, three arrangements of the metal 

centre relative to the backbone are possible.[1416] The type I materials in which the 

metal ion and backbone are electronically coupled have been well developed in 

chapter 2, and type II that is comprised of non-conjugated ferrocene pendant has also 

been elaborated in chapter 3, therefore, in this chapter we intend to focus on the type 

III material for ferrocene-containing metallopolymers in which the metal ion group is 

directly located in the conjugated backbone. In such type III arrangement, there are 

strong electronic interactions between the ferrocene group and the organic bridge, and 

thus the well-established theoretical models in type I and II must be modified to take 

into account the perturbation introduced by the embedded redox center in the main 

skeleton. Incorporation of redox-active ferrocene moiety into the backbone of 

conjugated polymers, can provide unique properties owing to the strong orbital 

coupling between the metal ion center and polymeric backbone. This unique 

electronic interaction may bring out further opportunities for important applications in 

battery and memory devices.[1720] 

  There is a steady and growing effort to incorporate ferrocene into conjugated 
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polymeric backbone to expand their function and ultimate applications. Ferrocene 

center in these architectures can not only offer efficient sites for redox conductivity, 

but also provide thermodynamic sinks for trapping/localizing charges because of the 

introduced low-lying energetic states.[21] Several poly(ferrocenylsilane)s have been 

successfully developed as active cathode and memory materials.[22, 23] In particular, 

Choi and co-workers demonstrated an excellent nonvolatile organic memory device 

by using a conjugated ferrocene-containing polymer.[24] Ferrocene-cored-conjugated 

polymers are thus promising candidates in EES and EIS applications, as evidenced by 

these reported examples. 

  To encourage progress towards realizing the full potential of ferrocene-containing 

metallopolymers, different functional skeletons are picked out as conjugated bridges 

to covalently bind with the incorporated ferrocene moiety, and four novel conjugated 

ferrocene-containing main-chain metallopolymers are rationally designed and 

synthesized. Thereinto, FcMMP1 and FcMMP2 based on triphenylamine-modified 

skeleton contain one ferrocene center in the repeating unit, while two different 

functional ferrocene moieties in FcMMP3 and FcMMP4 are embedded in the 

polyphenyl backbone. All these prepared materials are expected to show excellent 

performances with interesting electrochemical behaviors in lithium-ion battery and 

polymeric resistive memory applications. 

4.2 Synthesis of conjugated ferrocene-containing main-chain metallopolymers 

To synthesize the polytriphenylamine-based metallopolymer FcMMP1 with 

conjugated ferrocene incorporated backbone, 1,1'-diiodoferrocene FcI2 was firstly 
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prepared according to the reported one-pot method [25, 26] (Scheme 4.1). Although an 

equivalent amount of n-BuLi was used, the monoiodo-ferrocene unavoidable came 

out during the process. The crude product was thus extracted into n-hexane by 

successively washing with 0.5 mol L-1 aqueous FeCl3 to remove the mono-substituted 

byproduct. 

 

Scheme 4.1 Schematic representation of the synthesis of FcI2. 

 

  With 4-iodo-N-(4-iodophenyl)-N-phenylaniline in hand , 

4-ethynyl-N-(4-ethynylphenyl)-N-phenylaniline DEnTPA could also be obtained 

through a similar procedure as described for FcFE in chapter 2 (Scheme 4.2).  

 

Scheme 4.2 Schematic representation of the synthesis of DEnTPA. 

 

  Ferrocene-embedded conjugated main-chain metallopolymer FcMMP1 was then 

synthesized via Sonogashira cross-coupling polycondensation of FcI2 and DEnTPA 

in the presence of tetrakis(triphenylphosphine)palladium(0) and copper(I) iodide 

(Scheme 4.3). 
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Scheme 4.3 Schematic representation of the synthesis of FcMMP1. 

 

  Starting from the commercially available 1,4-dibromo-2-methylbenzene, 

trans-FcVP was synthesized in a straightforward manner with a high yield. First, the 

bromine atom was introduced by a benzoyl peroxide (BPO) catalytic reaction to 

produce 1,4-dibromo-2-(bromomethyl)benzene which was treated with PPh3 followed 

by an addition of ferrocenecarboxaldehyde. FcVP mixed with two cis- and 

trans-isomers could be formed via the Wittig reaction and a configuration 

transformation of the vinyl group during the iodine purification step to afford pure 

trans-FcVP (Scheme 4.4). 
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Scheme 4.4 Schematic representation of the synthesis of trans-FcVP. 

  In comparison to the synthesis of trans-FcVP, FcMA is more efficient to be 

prepared, because only two reaction steps are required. This synthetic route was 

chosen due to the unsuccessful separation of the resulting imine intermediate. 

2,5-Dibromoaniline was firstly formed by reducing 1,4-dibromo-2-nitrobenzene with 

SnCl2.2H2O. Then, an addition of ferrocenecarboxaldehyde followed by a direct 

reduction via a one-pot procedure afforded the desired product FcMA in moderate 

yield (Scheme 4.5). Single crystal of FcMA was fortunately obtained by slow 

diffusion of hexane to its dichloromethane solution (Figure 4.1). Basic 

crystallographic data are summarized in Table 4.1 and selected bond distances and 

angles are shown in Table 4.2. 

Scheme 4.5 Schematic representation of the synthesis of FcMA. 

 

Figure 4.1 Single crystal structure of FcMA. 



 

133 

Table 4.1 Crystal data and structure refinement results for FcMA. 

Compound FcMA 

Empirical formula C17H15Br2FeN 

Formula weight 448.97 

Temperature 173(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P 21/c 

Unit cell dimensions 

   a = 13.824(3) Å   α = 90° 

   b = 9.681(2) Å    β = 110.46(3)° 

   c = 12.713(3) Å   γ = 90° 

Volume 1594.1(7) Å3 

Z 4 

Density (calculated) 1.871 Mg m
-3

 

Absorption coefficient 5.950 mm-1 

Crystal size 0.40 x 0.25 x 0.06 mm3 

Max. and min. transmission 0.7460 and 0.4097 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.021 

Final R indices [I>2sigma(I)] R1 = 0.0320, wR2 = 0.0736 

R indices (all data) R1 = 0.0502, wR2 = 0.0823 

Largest diff. peak and hole 0.727 and -0.574 e.Å-3 
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Table 4.2 Selected bond lengths [Å] and angles [°] for FcMA. 

Br(1)-C(1)  1.895(3) 

Br(2)-C(4)  1.898(3) 

Fe(1)-C(16)  2.034(3) 

Fe(1)-C(15)  2.035(3) 

Fe(1)-C(11)  2.036(3) 

Fe(1)-C(10)  2.036(3) 

Fe(1)-C(12)  2.041(2) 

Fe(1)-C(14)  2.044(3) 

Fe(1)-C(9)  2.045(2) 

Fe(1)-C(17)  2.049(2) 

Fe(1)-C(8)  2.049(2) 

Fe(1)-C(13)  2.057(3) 

N(1)-C(6)  1.369(3) 

N(1)-C(7)  1.456(3) 

C(16)-Fe(1)-C(15) 40.78(14) 

C(16)-Fe(1)-C(11) 105.93(12) 

C(16)-C(15)-Fe(1) 69.57(16) 

C(16)-C(17)-Fe(1) 69.47(15) 

C(2)-C(1)-Br(1) 118.91(18) 

C(3)-C(4)-Br(2) 119.03(19) 

C(6)-N(1)-C(7) 122.2(2) 
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  According to the Suzuki cross-coupling polycondensation technique described by 

Rich and co-workers,[27] three novel conjugated ferrocene-containing main-chain 

metallopolymers FcMMP2, FcMMP3 and FcMMP4 were synthesized from the 

purchased 1,1'-ferrocenediboronic acid bis(pinacol) ester with 

4-iodo-N-(4-iodophenyl)-N-phenylaniline, trans-FcVP and FcMA by using 

PdCl2(dppf) and K2CO3 as condensing agents (Scheme 4.6). 

 

Scheme 4.6 Schematic representation of the synthesis of FcMMPs. 
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4.3 Structural determination of conjugated ferrocene-containing main-chain 

metallopolymers 

The structures of all the prepared polymers were well confirmed by 1H NMR and 

Fourier FTIR spectroscopy, and their molecular weights were calculated from SEC. 

All pertinent data are summarized in Chapter 6. 

(i) 1H NMR 

Deuterated THF was used for 1H NMR analysis, and the corresponding spectra of all 

the obtained metallopolymers FcMMP1, FcMMP2, FcMMP3 and FcMMP4 are 

shown in Figures 4.24.5. All signals in the 1H NMR spectra are consistent with their 

structures. Broadened peaks at δ = 8.006.50 ppm are assigned to the aromatic phenyl 

protons, while characteristic signals at δ = 5.104.00 ppm are attributed to the 

ferrocene moitey. By comparing their 1H NMR spectra with those of the conjugated 

ferrocene-containing side-chain metallopolymers PFcFE (type I in chapter 2) and 

non-conjugated ferrocene-containing copolymers PVFVM (type II in chapter 3), all 

signals in FcMMPs are slightly electronically disturbed by the incorporated ferrocene 

cores. This effect seems even more noticeable in FcMMP3 and FcMMP4, making it 

impossible to differentiate two different structural types of ferrocene units from the 

characteristic peaks at δ = 5.004.00 ppm. 
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Figure 4.2 1H NMR spectrum of FcMMP1 in THF-d8. 

 

 

Figure 4.3 1H NMR spectrum of FcMMP2 in THF-d8. 
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Figure 4.4 1H NMR spectrum of FcMMP3 in THF-d8. 

 

 

Figure 4.5 1H NMR spectrum of FcMMP4 in THF-d8. 
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(ii) FTIR 

Figure 4.6 shows the comparative FTIR spectra of the as-prepared FcMMPs. All of 

them exhibit the expected signals of ferrocene and other aromatic moieties. The 

characteristic CN stretching of the triphenylamine group can be found at 1288 cm-1 

for FcMMP1 and 1285 cm-1 for FcMMP2, while the CN stretching in FcMMP4 

absorbs at 1292 cm-1. In addition, the peaks at 493 cm-1 in FcMMP1, 505 cm-1 in 

FcMMP2, 489 cm-1 in FcMMP3 and 586 cm-1 in FcMMP4 correspond to the 

representative C-Fe stretching vibration of ferrocene. All these results further indicate 

the successful synthesis of the type III ferrocene-cored FcMMPs. 
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Figure 4.6 IR spectra of FcMMPs by using KBr pellet method. 

 

 



 

140 

(iii) SEC 
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Figure 4.7 Size exclusion chromatograms of FcMMPs. 

 

Table 4.3 Molecular masses and PDIs of FcMMPs. 

Polymer Mn (g mol-1) Mw (g mol-1) PDI (Mw/Mn) 

FcMMP1 5.6 × 103 9.7 × 103 1.7 

FcMMP2 5.2 × 103 7.8 × 103 1.5 

FcMMP3 6.9 × 103 7.6 × 103 1.1 

FcMMP4 5.3 × 103 7.7 × 103 1.5 

 

The molecular masses of FcMMP1, FcMMP2, FcMMP3 and FcMMP4 were 

estimated via SEC by using THF as eluent and poly(styrene) as standard (Table 4.3). 
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The molar masses of these ferrocene-incoporated main-chain metallopolymers are in 

the range of 1.0 × 104 g mol-1 with PDI values of around 2 (Figure 4.7). 

4.4 Optical characteristics of conjugated ferrocene-containing main-chain 

metallopolymers 

The optical features of FcMMP1, FcMMP2, FcMMP3 and FcMMP4 were 

investigated by UV-Vis absorption and emission spectroscopies. 

(i) UV-Vis absorption spectroscopy 
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Figure 4.8 Comparative UV spectra of FcMMPs in THF. 

 

The UV-vis spectra with normalized absorbance are utilized to explore the 

characteristics of the FcMMP metallopolymers. As shown in Figure 4.8, the 



 

142 

maximum absorption peak at around 350 nm in FcMMP1 and FcMMP2 are assigned 

to the * electronic transition from the triphenylamine moiety, while the signal at 

around 290 nm corresponds to the * electronic transition of the terminal ferrocene 

unit in FcMMP3 and FcMMP4.[28] The peak absorption of FcMMP1 is slightly 

red-shifted in comparison with that of FcMMP2 due to the expanded -conjugated 

system, which could also be observed and explained in FcMMP3 and FcMMP4. 

(ii) PL spectroscopy 

All FcMMP metallopolymers in THF solution exhibit similar emitting peaks between 

400 and 520 nm in PL spectra shown in Figure 4.9. 
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Figure 4.9 Comparative PL spectra of FcMMPs in THF. 
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4.5 Thermal properties of conjugated ferrocene-containing main-chain 

metallopolymers 

The thermal stability of FcMMP1, FcMMP2, FcMMP3 and FcMMP4 was 

determined by TGA. When heating them to 700 ○C at a rate of 20 ○C min-1 under a 

nitrogen atmosphere, all these synthetic polymers are thermally stable up to 290 ○C 

The corresponding temperatures with 5% weight loss are 364, 311, 342 and 295 ○C, 

respectively (Figure 4.10). These high thermal decomposition temperatures are crucial 

for lithium-ion batteries and electronic memory devices from the viewpoint of safety. 
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Figure 4.10 TGA curves of FcMMPs. 
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4.6 Conjugated ferrocene-containing main-chain metallopolymers for organic 

lithium-ion battery application 

Initial CV scanning in solution was firstly performed to investigate the 

electrochemical properties of all as-prepared main-chain metallopolymers. Figure 

4.11 exhibits the CV curves of FcMMP1, FcMMP2, FcMMP3 and FcMMP4 in 0.1 

mol L-1 TBAP DMF solution. 

 (a)                                 (b) 

 

 

 

 

 (c)                                (d) 

 

 

 

 

Figure 4.11 CV curves of (a) FcMMP1, (b) FcMMP2, (c) FcMMP3 and (d) 

FcMMP4 in 0.1 mol L-1 TBAP DMF solution under different scan rates. Ag/AgCl as 

the reference, coiled platinum wire as the counter and Pt as the working electrode. 
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main-chain metallopolymers FcMMP1 and FcMMP2 also suffered from the 

irreversible cross-linking oxidation,[29] while FcMMP3 and FcMMP4 with two 

ferrocene units both revealed a broad electrochemically reversible redox wave under 

different scanning rates, suggesting their great potentials for cathode-active materials. 

4.7 Conjugated ferrocene-containing main-chain metallopolymers for organic 

resistive memory application 

The currentvoltage (IV) characteristics of these prepared ferrocene-cored 

metallopolymers FcMMPs were firstly measured to explore their electronic switching 

behaviors by spin-coating process to construct the sandwich-like memory devices. 

Bias was applied to the ITO bottom electrode with respect to the Al top electrode. The 

typical IV curves and the corresponding ON/OFF threshold voltages were 

respectively recorded in Figure 4.12 and Table 4.4. 

  Initially, all the memory devices were at the low conductive OFF state, and the 

abrupt transition to the high conductive ON state occured at the turning point of 1.5 

V for FcMMP1, 0.8 V for FcMMP2, 0.9 V for FcMMP1 and 0.5 V for 

FcMMP4. Despite the fact that the functional ferrocene group was introduced in 

different ways to the polymeric architecture, i.e., an embedded ferrocene core in 

FcMMP1 and FcMMP2, a built-in ferrocene unit and a conjugated ferrocene pendant 

in FcMMP3 as well as an incorporated ferrocene moiety and a non-conjugated 

ferrocene tail in FcMMP4, the preliminary IV results including the flash memory 

behaviors, the ON/OFF switching voltages and the threshold current ratios did not 

show significant difference, implying the dominant role of the ferrocene-cored 
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backbone in the performances of all the fabricated memory devices.  

  (a)                                 (b) 

 

 

 

 

(c)                                 (d) 

 

 

 

 

Figure 4.12 Typical IV characteristics of the ITO/polymer/Al memory devices: (a) 

FcMMP1, (b) FcMMP2, (c) FcMMP3, (d) FcMMP4. 

 

Table 4.4 The ON and OFF switch voltages of FcMMPs. 

Polymer ON switch voltage (V) OFF switch voltage (V) ON/OFF ratio 

FcMMP1 1.5 3.5 103 

FcMMP2 0.8 3.0 103 

FcMMP3 0.9 2.5 103 

FcMMP4 0.5 3.3 103 

 

4.8 Conclusions 

In this chapter, investigations have been focused on the conjugated 
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ferrocene-containing main-chain metallopolymers and thus a group of type III 

ferrocene-containing metallopolymers FcMMP1, FcMMP2, FcMMP3 and 

FcMMP4 were rationally designed and successfully synthesized from 

1,1'-diiodoferrocene FcI2,  4-ethynyl-N-(4-ethynylphenyl)-N-phenylaniline 

DEnTPA, 1,1'-ferrocenediboronic acid bis(pinacol) ester, 

4-iodo-N-(4-iodophenyl)-N-phenylaniline, trans-FcVP and FcMA. The structures of 

the formed polymers were well studied by 1H NMR and FTIR spectroscopies and 

their molecular masses were determined by SEC. Additionally, their photophysical 

and thermal features were respectively explored by UV-Vis absorption and PL 

spectroscopies as well as TGA. Electrochemical properties were examined to clarify 

their potentials as cathode-active materials for organic lithium-ion batteries. Initial 

currentvoltage results also revealed the flash memory behaviors of all the fabricated 

devices based on these prepared ferrocene-containing main-chain metallopolymers 

FcMMPs and thus proved their feasibilities in electronic memory application. Other 

charge- and data-storage characteristics of these metallopolymers are now under 

further investigations for more efficient EES and EIS devices. 
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Chapter 5 Concluding Remarks and Future Prospects 

 

  Three classes of ferrocene-containing metallopolymers: conjugated 

ferrocene-containing side-chain metallopolymers PFcFEs (type I), non-conjugated 

ferrocene-containing copolymers PVFVMs (type II) and conjugated 

ferrocene-containing main-chain metallopolymers FcMMPs (type III), were 

rationally designed and successfully synthesized. The structures of all the obtained 

polymers were well characterized by commonly used spectroscopic techniques and 

their thermal, photophysical and electrochemical properties were also deeply 

investigated. Some of them have been selected as active materials to fabricate devices 

for lithium-ion battery and resistive memory applications. For conjugated 

ferrocene-containing side-chain metallopolymers PFcFEs, triphenylamine- and 

thiophene-based structures PFcFE1 and PFcFE4 exhibited quantitative gravimetric 

capacities and excellent cyclic endurances during the chargingdischarging processes 

as cathode materials in lithium-ion batteries. Besides, all the synthetic 

metallopolymers PFcFE1, PFcFE2, PFcFE3 and PFcFE4 also showed nonvolatile 

resistive switching behaviors with the flash memory effect of PFcFE1, PFcFE2 and 

PFcFE3 as well as the WORM memory feature of PFcFE4. In particular, the 

ITO/PFcFE1/Al memory device afforded a high ON/OFF current ratio of 103 to 104, 

a low ON switch voltage of 1.0 V, a long retention time of 1000 s and a large read 

cycle number up to 105, which is superior to other reported ferrocene-containing 

memory systems.[1, 2] As to non-conjugated ferrocene-containing copolymers 
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PVFVMs, the pendant architecture ensures the relatively isolated redox process in 

each separated site. The triphenylamine-based copolymers PVFVM1 and PVFVM1-1 

exhibited the desired multiple behaviors, considerable gravimetric capacities as well 

as good cycle stabilities in the lithium battery application. Due to the excellent redox 

property of ferrocene, initial IV results of memory devices based on PVFVM1, 

PVFVM1-1, PVFVM2, PVFVM3, PVFVM4 and PVFVM6 also revealed their huge 

potentials in electronic information storage. In type III, conjugated main-chain 

metallopolymers FcMMPs with one or two ferrocene moieties were also prepared. 

Interesting properties and distinguished behaviors are expected to be brought about 

from these rationally tailored molecules in which one more ferrocene moiety is 

conjugative or non-conjugative tethered to the ferrocene-embedded main skeleton. 

Early battery and memory device data based on FcMMPs show their potentials in 

both EES and EIS applications. More optimized results are now under further 

investigations. 

  Apart from those three types of ferrocene-containing polymers mentioned above, 

more ferrocene-containing polymeric alternatives will be designed and synthesized 

for EES and EIS applications. In the EES field, new materials and novel fabrication 

methods will be developed to satisfy the requirements of higher gravimetric capacity 

and faster rate capability in the near future. Conjugated carbonyl compounds have 

always been considered as promising organic cathode materials.[310] Recently, Chen 

and co-workers have revealed the correlation between the electron delocalization and 

the lithiation voltage, which is obviously a remarkable progress in organic lithium 
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battery.[11] To tackle the remaining dissolution issue of carbonyl-containing molecules 

and to further improve the chargingdischarging capacity of our ferrocene systems, 

these distinguished carbonyl-based functional units could be tailored to combine with 

our ferrocene-containing metallopolymers for future studies in energy storage 

applications which has the potential to achieve high energy density, high power 

density and high cycling stability. Another important direction to improve the battery 

performances of ferrocene-containing metallopolymers is to optimize the electrode 

composition. As polyether is a flexible chain which normally has a good affinity to 

the electrolyte solution, lower ratios of conductive additive and binder have been 

realized by Nishide and co-workers with radical-bearing polyethers as active materials 

for lithium-ion batteries.[1214] Thus, we can also incorporate some special building 

blocks which favor the charge transportation (such as poly(ethylene oxide)), into the 

main skeletons of the newly designed ferrocene-containing metallopolymers to 

enhance their specific capacities by reducing the content of the additives. On the other 

hand, although many memory devices have exhibited promising performances, 

polymeric memory techniques are still in the early stage of research and there remains 

lots of challenging tasks. Recently, the single polymer-based ternary electronic 

memory device has been successfully developed by W. Huang and co-workers via 

combining two switching mechanisms in one polymer structure to form two different 

conduction channels,[15] highlighting new arenas for potential investigation of 

polymeric memory materials. Based on these findings, a great deal of research work 

can be pushed forward. For example, more ferrocene-containing block copolymers 
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with three or more different functional pendants can be designed for deep exploration, 

and these well-designed architectures could further contribute to the scientific 

understanding of the structure-property mechanisms of polymeric memory devices. In 

a word, as the choice for ferrocene-containing metallopolymers is vast and the 

operation mechanisms of many organic battery and memory systems are not yet truly 

established, there is still a long way to go in the search of efficient materials for 

practical use in EES and EIS areas. 
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Chapter 6 Experimental Section 

 

6.1 Materials and instruments 

All materials for chemical synthesis were purchased from Sigma-Aldrich, J&K or 

Acros Organics and used without further purification. Commercially available 

reagents were used as received unless otherwise noted. The solvents used in the 

polymerization reactions were dried and distilled appropriately prior to use. 1H NMR 

and 13C NMR spectra were measured in deuterated solvents on a Bruker AV 400 MHz 

FT-NMR spectrometer, where chemical shifts (δ in ppm) were quoted with 

tetramethylsilane as the internal standard for 1H and 13C nuclei. Fourier transform 

infrared (FTIR) spectra were recorded on a Perkin Elmer Paragon 1000 PC 

spectrometer, using KBr pellets for solid state spectroscopy. The molar masses (Mn 

and Mw) and polydispersity indexes (PDIs) of polymers were examined by size 

exclusive chromatography (SEC) on a Agilent 1050 HPLC system with visible 

wavelength and fluorescent detector. UV-Vis absorption spectra were obtained on a 

HP-8453 diode array spectrophotometer. Photoluminescence (PL) spectra were 

measured with a PTI Fluorescence Master Series QM1 spectrophotometer. TGA 

measurements were performed with a Perkin-Elmer TGA6 thermal analyzer under 

nitrogen. Thicknesses of all thin layer electrodes were measured by the KLA-Tencor 

P6 surface analyzer. A three electrode set-up was used (working electrode: glassy 

carbon disk, reference electrode: Ag/AgNO3 in 0.1 mol L-1 n-Bu4NPF6 acetonitrile 

solution, counter electrode: Pt wire) for cyclic voltammetry on a CH Instruments 
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Model 600 D Serials Potentialst. The redox couple of ferrocene/ferrocenium (Fc/Fc+) 

was utilized as the internal standard. All electrolytes were degassed with dry argon 

and all measurements were performed under an argon atmosphere. 

 

6.2 Preparation of thin layer electrodes  

Thin layer polymeric electrodes were prepared either by drop casting 

N-methylpyrrolidone (NMP) solutions or by spin-coating tetrahydrofuran (THF) 

solutions on indium tin oxide (ITO) substrates with MIKASA Opticoat MS-A 100 

spin coater. Electrodes were then dried under vacuum at room temperature overnight 

for further investigations. 

 

6.3 Preparation of composite electrodes 

Composite electrodes were prepared by adding a solution of the polymer and 

poly(vinylidenefluoride) (PVDF) (Sigma-Aldrich) in NMP (10 mg mL-1) to vapor 

grown carbon fiber (VGCF) (Sigma-Aldrich) as conducting additives (ratio: 1/8/1, 

w/w/w). These materials were mixed in a montar for 10 min and more NMP was 

added to give a paste. The thus-obtained paste was coated on a graphite foil (Alfa 

Aesar) by applying the doctor blading method, and NMP was removed by heating the 

electrodes at 40 °C under high vacuum for 24 h. 
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6.4 Preparation of coin cells 

The coin cells (type 2032) were manufactured under an argon atmosphere. Suitable, 

round composite electrodes (15 mm diameter) were cut with a MTI Corporation 

Precision Disc Cutter T-0.6. The composite electrode employed as cathode was placed 

into the bottom cell case and separated from the lithium anode by a porous 

polypropylene membrane (celgard, MTI Corporation). On top of the lithium anode 

(lithium foil, Sigma-Aldrich), a stainless steal space (diameter: 15.5 mm, thickness: 

0.3 mm, MTI Corporation) and a stainless steal wave spring (diameter: 14.5 mm, 

thickness: 5 mm) were placed. The cell was filled with electrolyte (propylene 

carbonate, 0.5 mol L-1 lithium perchlorate) and the top cell case was placed onto the 

electrode. The cell was sealed with an electric crimper machine (MTI Corporation 

MSK-100D). Electrochemical measurements were performed after an equilibration 

time of 24 h. All experiments were performed at room temperature (r.t.). 

 

6.5 Preparation of memory devices 

The ITO glass substrate was precleaned sequentially with water, acetone, and 

2-propanol in an ultrasonic bath for 15 min. A polymer solution in toluene (10 mg 

mL-1) was respectively spin-coated onto the ITO substrate, followed by solvent 

removal in a vacuum chamber at 10-5 Torr under 50 oC. The thickness of the polymer 

layer was about 50 nm. A 390 nm-thick aluminum (Al) top electrode was thermally 

evaporated onto the polymer surface at a pressure of around 10-7 Torr. The 

measurements were carried out on devices of 0.4 × 0.4 mm2 in size. The electrical and 
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switching times were characterized under ambient conditions in air by using a 

Hewlett–Packard 4156A semiconductor parameter analyzer equipped with an Agilent 

16440A SMU/pulse generator. 

 

6.6 Theoretical calculations 

All theoretical calculations were carried out with the Gaussian 03 package. The 

optimization of the polymeric structures was performed using B3LYP density 

functional theory. The LANL2DZ basis set was used to treat the Fe atom, and the 

6-31G* basis set was applied for other atoms. 

 

6.7 Synthetic procedures of the compounds in chapter 2 

Synthesis of 2,7-di(trimethylsilylethynyl)fluorene (FcFE-1) 

FcFE-1 was synthesized according to the reported procedure.[1] Under a nitrogen 

atmosphere, CuI (30 mg, 0.16 mmol), PPh3 (90 mg, 0.34 mmol) and Pd(OAc)2 (30 mg, 

0.13 mmol) were added into an ice-cooled mixture of 2,7-dibromofluorene (3.89 g, 12 

mmol), triethylamine and THF. After the solution was stirred for 20 min, 

trimethylsilylacetylene (2.95 g, 30.0 mmol) was then added and the suspension was 

stirred for 30 min under an ice bath. After reaction for another 30 min at r.t., the 

reaction mixture was heated to 80 ○C for 24 h. The solution was allowed to cool to r.t. 

after the completion of the reaction as determined by silica TLC. The solvent was then 

removed and the residue was purified over a silica gel column by eluting with hexane 

and CH2Cl2 (90:10, v/v) to afford a white solid in 78% yield. 1H NMR (CDCl3, 400 
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MHz): δ 7.67~7.64 (m, 4H, Ar), 7.50~7.48 (m, 2H, Ar), 3.82 (s, 2H, ArCH2), 0.29 (s, 

18H, Si(CH3)3).
 13C NMR (CDCl3, 100 MHz): δ 143.28, 141.21, 130.90, 128.44, 

121.50, 119.88 (Ar), 105.63, 94.36 (C≡C), 36.36 (ArCH2). 

 

Synthesis of FcFE-2 

FcFE-2 was synthesized according to the reported procedure.[2] A chilled (78 ○C) 

THF (10 mL) solution containing diisopropylamine (0.1 mL, 0.45 mmol) was treated 

with n-BuLi (0.25 mL, 0.59 mmol) and was then warmed to 0 ○C over 30 min to give 

a pale yellow solution. 2,7-bis(trimethylsilylethynyl)fluorene (160 mg, 0.45 mmol) 

was dissolved in dry THF (10 mL) and the solution was cooled to 78 ○C. The above 

prepared yellow solution was then added in one portion. The mixture was then stirred 

for 5 min and ferrocenecarboxaldehyde (96 mg, 0.45 mmol) was added. The cooling 

bath was removed and stirring was continued overnight. The deep red solution was 

diluted with Et2O (100 mL), washed with water (200 mL) and finally washed with 

brine (100 mL). The organic layer was dried over MgSO4 and the solvent was 

removed under reduced pressure. The crude product was purified by column 

chromatography to afford the product in 82% yield. 1H NMR (CDCl3, 400 MHz): δ 

8.41 (s, 1H, Ar), 7.87 (s, 1H, Ar), 7.66~7.62 (m, 2H, Ar), 7.49~7.47 (m, 3H, Ar and 

vinyl CH), 4.77 (s, 2H, Fc), 4.56 (s, 2H, Fc), 4.26 (s, 5H, Fc), 0.31 (s, 9H, SiCH3), 

0.26 (s, 9H, SiCH3).
 13C NMR (CDCl3, 100 MHz): δ 140.27, 139.87, 137.49, 137.04, 

131.73, 131.60, 131.18 (Ar), 128.62, 127.72, 123.19, 121.50, 121.35, 119.80, 119.69 

(Ar and vinyl C), 106.03, 105.98, 94.29, 94.20 (C≡C), 80.75, 71.18, 70.52, 69.80 (Fc), 
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0.14, 0.09 (Si(CH3)3). 

 

Synthesis of FcFE 

FcFE was synthesized according to the reported procedure.[2] FcFE-2 and K2CO3 

were combined in MeOH-Et2O (20 mL, 1:1, v/v) and the mixture was stirred at r.t. for 

24 h. After the starting material had been consumed, the solvent was removed under 

reduced pressure and the residue was purified by silica column chromatography by 

using hexane and CH2Cl2 (1:1, v/v) as eluent to afford a major deep red powder in 85% 

yield. 1H NMR (CDCl3, 400 MHz): δ 8.42 (s, 1H, Ar), 7.92 (s, 1H, Ar), 7.70~7.67 (m, 

2H, Ar), 7.51~7.48 (m, 3H, Ar and vinyl CH), 4.76 (s, 2H, Fc), 4.57 (s, 2H, Fc), 4.26 

(s, 5H, Fc), 3.18 (s, 1H, C≡CH), 3.09 (s, 1H, C≡CH). 13C NMR (CDCl3, 100 MHz): δ 

140.31, 140.04, 137.67, 137.14, 131.68, 131.55, 131.22 (Ar), 128.98, 127.90, 123.46, 

120.60, 120.38, 119.96, 119.86 (Ar and vinyl C), 84.49, 84.48 (C≡C), 80.49, 71.06, 

70.53, 69.73 (Fc). 

 

Synthesis of 4,4'-diiodotriphenylamine (L1) 

L1 was synthesized through a modified procedure of the literature method.[3] To a 

stirred solution of triphenylamine (3.0 g, 12.2 mmol) and potassium iodide (2.7 g, 

16.2 mmol) was added potassium iodate (2.0 g, 9.2 mmol). The reaction mixture was 

stirred at 80 ○C for 12 h. After cooling to r.t., the mixture was slowly poured into 

aqueous sodium carbonate solution, and then extracted with ethyl acetate and washed 
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with water. The organic layer was dried over Na2SO4 and concentrated under vacuum 

to obtain a brown residue, which was purified by column chromatography eluting 

with hexane to afford the required compound as a colorless solid in 66% yield. 1H 

NMR (CDCl3, 400 MHz): δ 7.75~7.51 (m, 5H, Ar), 7.06 (br, 3H, Ar), 6.82~6.80 (m, 

5H, Ar). 13C NMR (CDCl3, 100 MHz): δ 148.25, 147.63, 139.26, 130.62, 127.15, 

126.59, 125.98, 125.11 (Ar), 86.16 (Ar C-I). 

 

Synthesis of 3,6-diiodocarbazole 

3,6-Diiodocarbazole was synthesized through a modified procedure of the literature 

method.[4] Carbazole (1.67 g, 0.01 mol) was dissolved in boiling acetic acid (30 mL), 

and potassium iodide (2.20 g, 0.013 mol) was slowly added. After the solution was 

cooled down to r.t., potassium iodate (3.20 g, 0.015 mol) was added, and the mixture 

was then boiled until it changed into a clear straw-colored solution (30 min). The hot 

reaction mixture was then allowed to cool down to 50 ○C. The resulted precipitate was 

filtered off and washed with water to give the title compound in 48% yield. 1H NMR 

(CDCl3, 400 MHz): δ 8.33 (d, 2H, J = 1.6 Hz, Ar), 8.13 (br, 1H, NH), 7.68 (dd, 2H, J1 

= 8.4 Hz, J2 = 1.6 Hz, Ar), 7.22 (d, 2H, J = 8.4 Hz, Ar). 13C NMR (CDCl3, 100 MHz): 

δ 138.50, 134.81, 129.38, 124.55, 112.71 (Ar), 82.45 (Ar C-I). 

 

Synthesis of 3,6-diiodo-9-phenyl-9H-carbazole (L2) 

L2 was synthesized through a modified procedure of the literature method.[5] A 
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mixture of 4-iodobenzene (0.54 mL, 4.8 mmol), 3,6-diiodocarbazole (1.0 g, 2.4 

mmol), potassium hydroxide (0.79 g, 12 mmol), copper iodide (46 mg, 0.24 mmol) 

and 1,10-phenanthroline (44 mg, 0.24 mmol) in 10 mL p-xylene was heated to 140 ○C 

for 2 days. After cooling to r.t., the solvent was removed under reduced pressure and 

the crude product was subjected to silica gel column chromatography by using hexane 

and CH2Cl2 as eluent to give the pure product in 40% yield. 1H NMR (CDCl3, 400 

MHz): δ 8.38 (d, 2H, J = 1.6 Hz, carbazolyl CH), 7.65 (dd, 2H, J1 = 8.4 Hz, J2 = 1.6 

Hz, carbazolyl CH), 7.63~7.59 (m, 2H, phenyl CH), 7.52~7.45 (m, 3H, phenyl CH), 

7.14 (d, 2H, J = 8.8 Hz, carbazolyl CH). 13C NMR (CDCl3, 100 MHz): δ 140.10, 

136.67, 134.88, 130.12, 129.73, 129.32, 128.13, 126.95, 124.40, 123.21, 118.88, 

111.97 (Ar), 82.88 (Ar C-I). 

 

Synthesis of 9-ethyl-3,6-diiodo-9H-carbazole (L3) 

L3 was synthesized through a modified procedure of the literature method.[4] NaH 

(468 mg, 19.5 mmol) and bromoethane (0.22 mL, 3.0 mmol) were added to a solution 

of 3,6-diiodocarbazole (640 mg, 1.5 mmol) in dry DMF (5 mL). The mixture was 

stirred at r.t. until the reaction was complete which was determined by TLC. The 

solvent was then removed under reduced pressure and the residue was extracted with 

CH2Cl2. The obtained organic layer was washed with water and then dried over 

Na2SO4. After the solvent was concentrated, the residue was purified by silica gel 

column chromatography by using CH2Cl2 and petroleum ether (1:1, v/v) as eluent to 

afford the white product in 85% yield. 1H NMR (CDCl3, 400 MHz): δ 8.34 (d, 2H, J = 
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1.6 Hz, carbazolyl CH), 7.72 (dd, 2H, J1 = 8.8 Hz, J2 = 1.6 Hz, carbazolyl CH), 7.19 

(d, 2H, J = 8.4 Hz, carbazolyl CH), 4.31 (q, 2H, J = 7.2 Hz, CH2), 1.40 (t, 3H, J = 7.2 

Hz, CH3). 
13C NMR (CDCl3, 100 MHz): δ 139.02, 134.55, 129.45, 124.12, 110.67 

(carbazolyl C), 81.68 (carbazolyl C-I), 37.76 (CH2), 13.68 (CH3). 

 

Synthesis of PFcFE1 

To a mixture of FcFE (56 mg, 0.136 mmol) and L1 (68 mg, 0.136 mmol) in a mixed 

solution of triethylamine (10 mL) and dry THF (10 mL) under nitrogen were added 

copper iodide (2 mg, 0.0068 mmol) and tetrakis(triphenylphosphine) palladium (8 mg, 

0.0068 mmol). The solution was stirred for 30 min at r.t. and was then heated to reflux 

overnight. After completion of the reaction, the mixture was allowed to cool down to 

r.t., and the solvent was then removed under reduced pressure. The residue was 

chromatographed over a silica gel column by eluting with dichloromethane and 

methanol to give a red solid, which was precipitated in hexane to afford the desired 

compound in 58% yield. 1H NMR (tetrahydrofuran-d8, 400 MHz): δ 8.47~8.45 (m, 1H, 

fluorenyl H), 8.20~8.07 (m, 1H), 7.86~7.76 (m, 4H), 7.62~7.56 (m, 2H, Ar and vinyl 

CH), 7.53~7.47 (m, 2H), 7,46~7.38 (m, 2H), 7.35~7.27 (m, 2H), 7.18~7.01 (m, 5H), 

6.92~6.88 (m, 1H), 4.83 (br, 2H, Fc), 4.63~4.59 (m, 2H, Fc), 4.31~4.28 (m, 5H, Fc). 

IR (KBr pellet, cm-1): 3032 (C-H stretching, Fc), 2197 (C≡C stretching), 1624 (C=C 

stretching, Ar), 1588 (C=C stretching, Ar), 1503 (C=C stretching, Ar), 1484 (C=C 

stretching, Ar), 1413 (C=C stretching, Fc), 1106 (C-C stretching, Fc), 1001 (C-C 

stretching, Fc), 817 (C-H bending, Fc), 500 (C-Fe stretching, Fc). 
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Synthesis of PFcFE2 

PFcFE2 was synthesized similarly as described above for PFcFE1 except that L2 

was used instead of L1 and obtained as a red solid in 54% yield. 1H NMR 

(tetrahydrofuran-d8, 400 MHz): δ 8.51~8.39 (m, 2H, fluorenyl H), 8.15 (br, 1H, 

fluorenyl H), 7.84~7.81 (m, 4H), 7.67~7.56 (m, 9H, Ar and vinyl CH), 7.46~7.36 (m, 

2H), 4.87~4.83 (m, 2H, Fc), 4.63 (br, 2H, Fc), 4.31~4.30 (m, 5H, Fc). IR (KBr pellet, 

cm-1): 3057 (C-H stretching, Fc), 2195 (C≡C stretching), 1623 (C=C stretching, Ar), 

1594 (C=C stretching, Ar), 1482 (C=C stretching, Ar), 1413 (C=C stretching, Fc), 

1105 (C-C stretching, Fc), 1001 (C-C stretching, Fc), 814 (C-H bending, Fc), 492 

(C-Fe stretching, Fc). 

 

Synthesis of PFcFE3 

PFcFE3 was synthesized similarly as described above for PFcFE1 except that L3 

was used instead of L1 and obtained as a red solid in 60% yield. 1H NMR 

(tetrahydrofuran-d8, 400 MHz): δ 8.52~8.44 (m, 1H, fluorenyl H), 8.42~8.32 (m, 1H), 

8.17~8.11 (m, 1H), 7.86~7.78 (m, 4H), 7.75~7.71 (m, 1H), 7.69~7.63 (m, 1H), 

7.61~7.51 (m, 3H, Ar and vinyl CH), 7.40~7.37 (m, 1H), 4.86~4.82 (m, 2H, Fc), 4.63 

(br, 2H, Fc), 4.48~4.41 (m, 2H, CH2), 4.30~4.29 (m, 5H, Fc), 1.48~1.38 (m, 3H, CH3). 

IR (KBr pellet, cm-1): 3077 (C-H stretching, Fc), 2196 (C≡C stretching), 1623 (C=C 

stretching, Ar), 1592 (C=C stretching, Ar), 1482 (C=C stretching, Ar), 1414 (C=C 

stretching, Fc), 1003 (C-C stretching, Fc), 1001 (C-C stretching, Fc), 815 (C-H 
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bending, Fc), 487 (C-Fe stretching, Fc). 

 

Synthesis of PFcFE4 

PFcFE4 was synthesized similarly as described above for PFcFE1 except that L4 

was used instead of L1 and obtained as a dark red solid in 55% yield. 1H NMR 

(tetrahydrofuran-d8, 400 MHz): δ 8.48~8.45 (m, 1H, fluorenyl H), 8.19~8.12 (m, 1H, 

fluorenyl H), 7.90~7.76 (m, 3H, fluorenyl H), 7.57~7.56 (m, 2H, fluorenyl H and 

vinyl H), 7.49~7.32 (m, 1H, thiophenyl H), 7.29~7.24 (m, 1H, thiophenyl H), 4.85 (br, 

2H, Fc), 4.64 (br, 2H, Fc), 4.31~4.30 (m, 5H, Fc). IR (KBr pellet, cm-1): 3086 (C-H 

stretching, Fc), 2190 (C≡C stretching), 1622 (C=C stretching, Ar), 1596 (C=C 

stretching, Ar), 1456 (C=C stretching, Ar), 1411 (C=C stretching, Fc), 1103 (C-C 

stretching, Fc), 1000 (C-C stretching, Fc), 815 (C-H bending, Fc), 488 (C-Fe 

stretching, Fc). 

 

6.8 Synthetic procedures of the compounds in chapter 3 

Synthesis of 4-(diphenylamino)benzaldehyde (VM1-1) 

VM1-1 was synthesized with a modified procedure of the literature method.[6] Under 

an absolutely dry condition, POCl3 (4.8 mL) was slowly added into DMF (8 mL) with 

stirring, and the temperature was kept below 0 ○C. Then triphenylamine (6.0 g, 24.4 

mmol) in dry THF was added to the above solution and the reaction mixture was 

heated to reflux for 24 h. After the completion of the reaction as determined by TLC, 
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the solution was poured into ice water and extracted with ethyl acetate. The organic 

layer was then washed with water and dried over Na2SO4. The solvent was removed 

under reduced pressure and the residue was purified by a silica gel column using 

hexane and dichloromethane as eluent to afford the desired product in 88% yield. 1H 

NMR (CDCl3, 400 MHz): δ 9.81 (s, 1H, CHO), 7.68 (d, 2H, J = 8.8 Hz, Ar), 

7.36~7.33 (m, 4H, Ar), 7.19~7.15 (m, 6H, Ar), 7.02 (d, 2H, J = 8.8 Hz, Ar). 13C NMR 

(CDCl3, 100 MHz): δ 190.49 (CHO), 153.38, 146.17, 131.34, 129.76, 129.10, 126.34, 

124.14, 119.36 (Ar). 

 

Synthesis of N,N-diphenyl-4-vinylaniline (VM1) 

VM1 was synthesized through a modified procedure of the literature method.[6] 

4-(Diphenylamino)benzaldehyde VM1-1 (4.66 g, 0.017 mol) in dry THF was added 

into a mixture solution of potassium (2.38 g, 0.02 mol) and methyltriphenyl 

phosphonium iodide (8.27 g, 0.02 mol). The solution was then stirred at r.t. for 24 h. 

After the starting material was completely consumed, the solution was poured into ice 

water and extracted with ethyl acetate. The organic layer was concentrated under 

reduced pressure and was then chromatographyed on silica gel to afford the title 

compound in 70% yield. 1H NMR (CDCl3, 400 MHz): δ 7.32~7.33 (m, 6H, Ar), 

7.15~7.10 (m, 4H, Ar), 7.08~7.00 (m, 4H, Ar), 6.68 (dd, 1H, J1 = 17.6 Hz, J2 = 10.0 

Hz, vinyl CH), 5.66 (dd, 1H, J1 = 17.6 Hz, J2 = 0.8 Hz, trans-vinyl C=CH2), 5.17 (dd, 

1H, J1 = 10.8 Hz, J2 = 0.8 Hz, cis-vinyl C=CH2). 
13C NMR (CDCl3, 100 MHz): δ 

146.53, 146.40, 135.15, 130.79, 128.19, 125.99, 123.30, 122.54 (Ar), 121.84 (vinyl 
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CH), 111.08 (vinyl CH2). 

 

Synthesis of 4-methyl-N-phenyl-N-(p-tolyl)aniline (VM2-1) 

A mixture of aniline (1.5 mL, 16.1 mmol), 4-iodotoluene (1.76 g, 80.5 mmol), sodium 

hydroxide (6.4 g, 161 mmol), copper iodide (307 mg, 1.6 mmol) and 

1,10-phenanthroline (290 mg, 1.6 mmol) in 20 mL p-xylene was heated to 140 ○C for 

2 days. After cooling to r.t., the mixture was poured into water and extracted with 

ethyl acetate. The organic layer was dried over anhydrous sodium sulfate, filtered and 

concentrated. The residue was purified by silica gel column chromatography to obtain 

a white solid in 46% yield. 1H NMR (acetone-d6, 400 MHz): δ 7.24~7.20 (m, 2H, Ar), 

7.10~7.08 (m, 4H, Ar), 6.98~6.91 (m, 7H, Ar), 2.28 (s, 6H, CH3). 
13C NMR 

(acetone-d6, 100 MHz): δ 149.22, 146.40, 133.19, 131.08, 130.76, 129.99, 125.23, 

123.63, 122.70, 119.34 (Ar), 20.81 (CH3). 

 

Synthesis of 4-(di-p-tolylamino)benzaldehyde (VM2-2) 

VM2-2 was synthesized similarly as described above for VM1-1 except that  

4-methyl-N-phenyl-N-(p-tolyl)aniline VM2-1 was used instead of triphenylamine and 

obtained as a yellow solid in 75% yield. 1H NMR (CDCl3, 400 MHz): δ 9.77 (s, 1H, 

CHO), 7.64 (d, 2H, J = 8.8 Hz, Ar), 7.15 (d, 4H, J = 8.0 Hz, Ar), 7.07 (d, 4H, J = 8.4 

Hz, Ar), 6.94 (d, 2H, J = 8.8 Hz, Ar), 2.35 (s, 6H, CH3).
 13C NMR (CDCl3, 100 MHz): 

δ 190.41 (CHO), 153.70, 143.50, 135.07, 131.35, 130.38, 128.37, 126.42, 118.20 (Ar), 
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20.99 (CH3). 

 

Synthesis of 4-methyl-N-(p-tolyl)-N-(4-vinylphenyl)aniline (VM2) 

VM2 was synthesized similarly as described above for VM1 except that 

4-(di-p-tolylamino)benzaldehyde VM2-2 was used instead of  

4-(diphenylamino)benzaldehyde VM1-1 and obtained as a white solid in 80% yield. 

1H NMR (acetone-d6, 400 MHz): δ 7.33~7.30 (m, 2H, Ar), 7.12~7.09 (m, 4H, Ar), 

6.96~6.89 (m, 6H, Ar), 6.67 (dd, 1H, J1 = 17.6 Hz, J2 = 10.8 Hz, vinyl CH), 5.65 (dd, 

1H, J1 = 17.6 Hz, J2 = 0.8 Hz, trans-vinyl C=CH2), 5.10 (dd, 1H, J1 = 10.8 Hz, J2 = 0.8 

Hz, cis-vinyl C=CH2). 
13C NMR (acetone-d6, 100 MHz): δ 148.86, 146. 07, 137.32, 

133.48, 131.94, 130.86, 127.91, 125.52 (Ar), 122.98 (vinyl CH), 112.02 (vinyl CH2), 

21.01 (CH3). 

 

Synthesis of 10-methyl-10H-phenothiazine (VM3-1) 

VM3-1 was synthesized with a modified procedure of the literature method.[7] A 

round-bottomed flask equipped with a magnetic stir bar was charged with 

phenothiazine (10.0 g, 0.05 mol) dissolved in DMSO. When phenothiazine was 

completely dissolved, 50% aqueous sodium hydroxide solution (50 mL) was added. 

Then methyl iodide (6.3 mL, 0.10 mol) was slowly added into the above mixture. The 

solution was stirred at r.t. overnight until the reaction was complete. The mixture was 

poured into water and extracted with ethyl acetate. The combined organic fractions 
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were dried over sodium sulfate, and the solvent was removed under reduced pressure. 

The crude product was purified by silica gel column using hexane and 

dichloromethane as eluent to obtain the desired compound in 85% yield. 1H NMR 

(CD2Cl2, 400 MHz): δ 7.22~7.13 (m, 4H, Ar), 6.97~6.93 (m, 2H, Ar), 6.86 (dd, 2H, J1 

= 8.0 Hz, J2 = 0.8 Hz, Ar), 3.38 (s, 3H, CH3). 
13C NMR (acetone-d6, 100 MHz): δ 

146.80, 128.49, 127.66, 123.92, 123.30, 115.27 (Ar), 35.64 (CH3). 

 

Synthesis of 10-methyl-10H-phenothiazine-3-carbaldehyde (VM3-2) 

VM3-2 was synthesized similarly as described above for VM1-1 except that 

10-methyl-10H-phenothiazine VM3-1 was used instead of triphenylamine and 

obtained as a yellow solid in 78% yield. 1H NMR (CDCl3, 400 MHz): δ 9.81 (s, 1H, 

CHO), 7.67 (dd, 1H, J1 = 8.4 Hz, J2 = 2.0 Hz, Ar), 7.61 (d, 1H, J = 2.0 Hz, Ar), 

7.22~7.18 (m, 1H), 7.14 (dd, 1H, J1 = 7.6 Hz, J2 = 1.6 Hz, Ar), 7.01~6.97 (m, 1H, Ar), 

6.88~6.84 (m, 2H), 3.44 (s, 3H, CH3). 
13C NMR (acetone-d6, 100 MHz): δ 190.57 

(CHO), 151.51, 144.97, 132.28, 131.28, 128.83, 128.06, 127.89, 124.40, 124.19, 

122.95, 116.02, 114.95 (Ar), 36.24 (CH3). 

 

Synthesis of 10-methyl-3-vinyl-10H-phenothiazine (VM3) 

VM3 was synthesized similarly as described above for VM1 except that 

10-methyl-10H-phenothiazine-3-carbaldehyde VM3-2 was used instead of  

4-(diphenylamino)benzaldehyde VM1-1 and obtained as a white solid in 83% yield. 
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1H NMR (tetrahydrofuran-d8, 400 MHz): δ 7.21~7.18 (m, 2H, Ar), 7.15~7.13 (m, 1H, 

Ar), 7.08~7.06 (m, 1H, Ar), 6.90~6.86 (m, 2H, Ar), 6.83~6.81 (m, 1H, Ar), 6.59 (dd, 

1H, J1 = 17.6 Hz, J2 = 10.8 Hz, vinyl CH), 5.62 (dd, 1H, J1 = 17.6 Hz, J2 = 0.8 Hz, 

trans-vinyl C=CH2), 5.07 (dd, 1H, J1 = 10.8 Hz, J2 = 0.8 Hz, cis-vinyl C=CH2), 3.34 

(s, 3H, CH3). 
13C NMR (tetrahydrofuran-d8, 100 MHz): δ 143.71, 143.54, 133.82, 

130.33, 125.32, 124.76, 123.61, 122.21, 121.60, 121.10, 120.26, 112.12 (Ar), 111.92 

(vinyl CH), 109.19 (vinyl CH2), 32.72 (CH3). 

 

Synthesis of PVFVM1 

PVFVM1 was synthesized with a modified procedure of the literature method.[8, 9] N, 

N-Diphenyl-4-vinylaniline VM1 (141 mg, 0.52 mmol), vinylferrocene (110 mg, 0.52 

mmol) and AIBN (10 mg, 0.06 mmol) were weighed on an analytical balance, which 

was delivered into a Fisher-Porter aerosol compatibility tube equipped with a valve. 2 

mL dry toluene was then added into the tube to dissolve all the solid. The solution was 

degassed by three alternate freeze-thaw cycles. After degassing, the tube was placed 

in a constant-temperature bath controlled to 70 ○C. After 24 h, the toluene was added 

dropwise to rapidly stirring hexane to precipitate the copolymer, which was filtered 

and reprecipitated in methanol to ensure its purity. The obtained solid was then dried 

under vacuum in 52% yield. 1H NMR (CDCl3, 400 MHz): δ 6.93 (br, 38H, 

triphenylamine), 3.86 (br, 9H, Fc). IR (KBr pellet, cm-1): 3058 (C-H stretching, Fc), 

1591 (C=C stretching, Ar), 1490 (C=C stretching, Ar), 1276 (C-N stretching), 1107 

(C-C stretching, Fc), 1000 (C-C stretching, Fc), 824 (C-H bending, Fc), 509 (C-Fe 
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stretching, Fc). 

 

Synthesis of PVFVM1-1 

PVFVM1-1 was synthesized similarly as described above for PVFVM1 except that 

three equivalents of vinylferrocene were used and obtained as a pale yellow solid in 

56% yield. 1H NMR (CDCl3, 400 MHz): δ 6.96 (br, 11H, triphenylamine H), 3.91 (br, 

9H, Fc). IR (KBr pellet, cm-1): 3084 (C-H stretching, Fc), 1589 (C=C stretching, Ar), 

1487 (C=C stretching, Ar), 1415 (C=C stretching, Fc), 1276 (C-N stretching), 1106 

(C-C stretching, Fc), 1000 (C-C stretching, Fc), 818 (C-H bending, Fc), 507 (C-Fe 

stretching, Fc). 

 

Synthesis of PVFVM2 

PVFVM2 was synthesized similarly as described above for PVFVM1 except that 

4-methyl-N-(p-tolyl)-N-(4-vinylphenyl)aniline VM2 was used instead of N, 

N-diphenyl-4-vinylaniline VM1 and obtained as a yellow solid in 50% yield. 1H 

NMR (CDCl3, 400 MHz): δ 6.84 (br, 36H, triphenylamine H), 3.85 (br, 9H, Fc), 2.19 

(br, 19H, CH3). IR (KBr pellet, cm-1): 3089 (C-H stretching, Fc), 1605 (C=C 

stretching, Ar), 1580 (C=C stretching, Ar), 1502 (C=C stretching, Ar), 1448 (C=C 

stretching, Ar), 1412 (C=C stretching, Fc), 1270 (C-N stretching), 1106 (C-C 

stretching, Fc), 1000 (C-C stretching, Fc), 813 (C-H bending, Fc), 504 (C-Fe 

stretching, Fc). 
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Synthesis of PVFVM3 

PVFVM3 was synthesized similarly as described above for PVFVM1 except that 

10-methyl-3-vinyl-10H-phenothiazine VM3 was used instead of N, 

N-diphenyl-4-vinylaniline VM1 and isolated as a brown solid in 58% yield. 1H NMR 

(CD2Cl2, 400 MHz): δ 7.23~6.56 (m, 24H, Ar), 4.04~3.71 (m, 9H, Fc), 3.25 (br, 10H, 

CH3). IR (KBr pellet, cm-1): 3058 (C-H stretching, Fc), 1879 (C-H oop bending, 

para-substituted-Ar), 1763 (C-H oop bending, para-substituted-Ar), 1602 (C=C 

stretching, Ar), 1576 (C=C stretching, Ar), 1497 (C=C stretching, Ar), 1469 (C=C 

stretching, Ar), 1256 (C-N stretching), 1109 (C-C stretching, Fc), 1000 (C-C 

stretching, Fc), 813 (C-H bending, Fc), 485 (C-Fe stretching, Fc). 

 

Synthesis of PVFVM4 

PVFVM4 was synthesized similarly as described above for PVFVM1 except that 

2-(4-vinylphenyl)benzo[d]thiazole VM4 was used instead of N, 

N-diphenyl-4-vinylaniline VM1 and obtained as a brown solid in 60% yield. 1H NMR 

(CD2Cl2, 400 MHz): δ 7.90~6.76 (m, 23H, Ar), 4.00 (br, 9H, Fc). IR (KBr pellet, 

cm-1): 3060 (C-H stretching, Fc), 1607 (C=C stretching, Ar), 1562 (C=C stretching, 

Ar), 1483 (C=C stretching, Ar), 1453 (C=C stretching, Ar), 1413 (C=C stretching, Fc), 

1107 (C-C stretching, Fc), 483 (C-Fe stretching, Fc). 
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Synthesis of PVFVM5 

PVFVM5 was synthesized similarly as described above for PVFVM1 except that 

5-(4'-vinyl-[1,1'-biphenyl]-4-yl)-2,2'-bipyridine VM5 and dry tetrahydrofuran were 

respectively used instead of N, N-diphenyl-4-vinylaniline VM1 and dry toluene and 

obtained as a brown solid in 70% yield. 1H NMR (tetrahydrofuran-d8, 400 MHz): δ 

8.94 (br, 4H, Ar), 8.58~8.52 (m, 16H, Ar), 8.06 (br, 3H, Ar), 7.86~7.75 (m, 36H, Ar), 

7.29 (br, 8H, Ar), 4.03 (br, 9H, Fc). IR (KBr pellet, cm-1): 3086 (C-H stretching, Fc), 

1586 (C=C stretching, Ar), 1541 (C=C stretching, Ar), 1457 (C=C stretching, Ar), 

1435 (C=C stretching, Ar), 1241 (C-N stretching), 999 (C-C stretching, Fc), 826 (C-H 

bending, Fc), 486 (C-Fe stretching, Fc). 

 

Synthesis of PVFVM6 

PVFVM6 was synthesized similarly as described above for PVFVM1 except that 

9-vinylcarbazole VM6 was used instead of N, N-diphenyl-4-vinylaniline VM1 and 

obtained as a dark brown solid in 57% yield. 1H NMR (CD2Cl2, 400 MHz): δ 

7.75~6.41 (m, 69H, Ar), 4.08~3.32 (m, 9H, Fc). IR (KBr pellet, cm-1): 3048 (C-H 

stretching, Fc), 1625 (C=C stretching, Ar), 1597 (C=C stretching, Ar), 1483 (C=C 

stretching, Ar), 1452 (C=C stretching, Ar), 1223 (C-N stretching), 1106 (C-C 

stretching, Fc), 1003 (C-C stretching, Fc), 818 (C-H bending, Fc), 484 (C-Fe 

stretching, Fc). 
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6.9 Synthetic procedures of the compounds in chapter 4 

Synthesis of 1,1'-diiodoferrocene (FcI2) 

FcI2 was synthesized according to a modified literature procedure.[1012] An 

oven-dried 250 mL two-necked flask was charged at r.t. with 5.0 g ferrocene (26.9 

mmol), 10 mL tetramethylethylenediamine (67.2 mmol) and 100 mL hexane. The 

resulting mixture was then cooled to 0 ○C. 28 mL of 2.4 mol L-1 n-BuLi in hexane 

(67.2 mmol) was added dropwise under a N2 atmosphere. The solution was stirred at 

r.t. overnight. The resulting bright orange suspension was cooled to 78 ○C and a 

solution of I2 (15.0 g 59.2 mmol) in dry THF was added over 15 min. The mixture 

was allowed to warm up slowly to r.t. and stirring was continued for an additional 2 h. 

The reaction mixture was quenched with 100 mL Na2S2O3 solution and stirred for a 

further 15 min, the organic phase separated and dried over Na2SO4 after which the 

solvents were removed under vacuum. Flash column chromatography afforded 7.6 g 

of a dark red crude oil, containing FcI2 accompanied by minor amounts of ferrocene 

and monoiodo-substituted ferrocene FcI. The crude product was extracted into 

n-hexane and washed successively with 0.5 mol L-1 FeCl3 aqueous solution. When 

Fc/FcI contaminants had been removed (composition monitored by 1H NMR 

spectroscopy), the organic phase was washed with water, dried over Na2SO4, filtered 

and evaporated to reveal a dark red oil. Further purification via silica gel 

chromatography by using hexane as eluent yielded pure 2.5 g of FcI2 as a dark oil in 

21% yield. 1H NMR (CDCl3, 400 MHz): δ 4.37 (pseudo-t, 4H, J = 1.6 and 2.0 Hz, 

CpH), 4.18 (pseudo-t, 4H, J = 2.0 Hz, CpH). 13C NMR (CDCl3, 100 MHz): δ 77.59 



 

175 

(CpI, CH), 72.28 (CpI, CH), 40.29 (CpI, CI). 

 

Synthesis of DEnTPA-1 

DEnTPA-1 was synthesized according to a modified literature procedure.[13] A 

mixture containing 6.0 g 4,4'-diiodotriphenylamine (12.1 mmol), 115 mg CuI (0.6 

mmol), 421 mg Pd(PPh3)Cl2 (0.6 mmol), 30 mL triethylamine and 30 mL THF was 

degassed at r.t. for 30 min. 5.2 mL trimethylsilylacetylene (36.3 mmol) was injected 

under nitrogen. After a further 30 min, the reaction mixture was heated to 50 ○C and 

stirred overnight. Water was added to quench the reaction and CH2Cl2 was used for 

extraction (50 mL × 3). The organic layer was collected, dried over anhydrous 

Na2SO4, filtered and concentrated under reduced pressure to give the crude product 

which was purified over silica gel chromatography using hexane/CH2Cl2 (10:1, v/v) 

as eluent to afford 4.3 g light yellow sticky solid of N-phenyl- 

4-((trimethylsilyl)ethynyl)-N-(4-(trimethylsilyl)-ethynyl)phenyl)aniline DEnTPA-1 in 

81% yield. 1H NMR (CD2Cl2, 400 MHz): δ 7.35~7.28 (m, 6H), 7.13~7.07 (m, 3H), 

6.99~6.95 (m, 4H). 0.23 (s, 18H). 13C NMR (CD2Cl2, 100 MHz): δ 147.97, 147.10, 

133.40, 130.10, 126.16, 124.86, 123.64, 117.47, 105.52 (ArC), 93.95 (C≡C), 0.24 

(Si(CH3)3). 

 

Synthesis of DEnTPA 

DEnTPA was synthesized according to a modified literature procedure.[13] A solution 
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of 4-((trimethylsilyl)ethynyl)-N-(4-(trimethylsilyl)-ethynyl)phenyl)aniline DEnTPA-1 

in THF (50 mL) and methanol (50 mL) was treated with NaOH (936 mg, 23.4 mmol). 

The mixture was stirred at r.t. overnight. After the solvent was removed under reduced 

pressure, the crude product was purified by a flash chromatography with 

hexane/CH2Cl2 (10:1, v/v) as eluent to afford the pure product as a light yellow 

viscous oil in 87% yield. 1H NMR (CDCl3, 400 MHz): δ 7.37~7.34 (m, 4H, ArH), 

7.31~7.27 (m, 2H, ArH), 7.12~7.08 (m, 3H, ArH), 7.01~6.98 (m, 4H, ArH), 3.04 (s, 

2H, C≡CH). 13C NMR (CDCl3, 100 MHz): δ 147.85, 146.77, 133.42, 129.82, 125.80, 

124.56, 123.39, 116.16, 116.16 (ArC), 83.85 (ArC≡C), 76.82 (C≡CH). 

 

Synthesis of 1,4-dibromo-2-(bromomethyl)benzene 

1,4-Dibromo-2-(bromomethyl)benzene was synthesized according to a modified 

literature procedure.[14] A solution of 2,5-dibromotoluene (3.2 g, 12.8 mmol), 

N-bromosuccinimide (2.3 g , 12.8 mmol) and benzoyl peroxide (73 mg, 0.3 mmol) in 

CCl4 (50 mL) was refluxed overnight. After the solvent was evaporated under reduced 

pressure, the residue was suspended in water and the resulting aqueous solution was 

extracted with CHCl3 (50 mL × 3). The combined organic phase was then dried over 

Na2SO4 and concentrated under vacuum. The crude product was purified by column 

chromatography on silica gel with hexane as the eluent to afford 4.0 g of the product 

as a white solid in 95% yield. 1H NMR (CDCl3, 400 MHz): δ 7.59 (d, 1H, J = 2.4 Hz, 

ArH), 7.44 (d, 1H, J = 8.8 Hz, ArH), 7.29 (dd, 1H, J1 = 8.4 Hz, J2 = 2.4 Hz, ArH), 4.53 

(s, 2H, CH2Br). 13C NMR (CDCl3, 100 MHz): δ 138.98, 134.69, 133.99, 133.09, 
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123.06, 121.48 (ArC), 32.17 (CH2Br). 

 

Synthesis of FcVP-1 

FcVP-1 was synthesized according to a modified literature procedure.[14] 

Triphenylphosphine (1.4 g, 5.4 mmol) and 1,4-dibromo-2-(bromomethyl)benzene (1.6 

g, 4.9 mmol) were dissolved in acetone. The mixture was heated to reflux overnight to 

give a lot of precipitates which was filtered and washed with cold acetone. FcVP-1 

was isolated as a white solid in 90% yield. 

 

Synthesis of trans-FcVP 

Trans-FcVP was synthesized according to a modified literature procedure.[15] Into a 

two-necked, round-bottomed flask was added 1.7 g of FcVP-1 in 25 mL of dry THF. 

1.0 mol L-1 potassium tert-butoxide (3.2 mL, 3.2 mmol) in THF solution was then 

added under stirring. After the solution color changed to intense orange after 30 min, 

ferrocenecaboxaldehyde (920 mg, 4.3 mmol) dissolved in 10 mL of dry THF was 

slowly added under nitrogen in an ice-water bath. The mixture was stirred at r.t. 

overnight. Then, filtration through a small pad of celite was followed to remove the 

resulting solid. The filtration was collected and washed with water. The organic layer 

was dried on Na2SO4 and then filtered. After the solvent was removed under reduced 

pressure, the crude product was purified by silica gel column chromatography using 

hexane/CH2Cl2 (1:1, v/v) as eluent. 1-[2-(2,5-Dibromophenyl)vinyl]ferrocene FcVP 
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was obtained as a mixture of cis- and trans-isomers in 93% yield, which was then 

dissolved in a mixed hexane/CH2Cl2 (4:1, v/v) solution. Iodine was added and the 

solution was then refluxed overnight. After cooling down to r.t., the dark colored 

mixture was treated with an aqueous solution of sodium thiosulfate, and the aqueous 

phase was extracted with ethyl acetate. The combined organic solution was dried over 

Na2SO4 and concentrated in vacuo. The crude product was purified by silica gel 

column chromatography using hexane/CH2Cl2 (1:1, v/v) as eluent. 1H NMR (CDCl3, 

400 MHz): δ 7.71 (d, 1H, J = 2.4 Hz, ArH), 7.40 (d, 1H, J = 8.8 Hz, ArH), 7.19 (dd, 

1H, J1 = 8.4 Hz, J2 = 2.4 Hz, ArH), 6.94 (d, 1H, J = 16.0 Hz, vinyl H), 6.84 (d, 1H, J = 

16.0 Hz, vinyl H), 4.52~4.51 (m, 2H, FcH), 4.34~4.33 (m, 2H, FcH), 4.16 (s, 5H, 

FcH). 13C NMR (CDCl3, 100 MHz): δ 139.55, 134.37, 131.72, 130.62, 128.77, 

123.31(ArC), 121.59, 121.52 (C=C), 82.11, 69.66, 69.45, 67.46 (Fc). 

 

Synthesis of 2,5-dibromoaniline 

A 250 mL one-neck round flask was charged with 1,4-dibromo-2-nitrobenzene (7.1 g , 

0.025 mol), SnCl2.2H2O (28.2 g, 0.12 mol) and 100 mL ethanol. The resulting mixture 

was heated at 80 ○C for 2 h under nitrogen atmosphere. After the evaporation of the 

solvent, the residue was neutralized with 25% NaOH aqueous solution, and was 

extracted with diethyl ether. The organic phase was separated and dried over Na2SO4. 

Evaporation of the solvent afforded the desired product in 92% yield which was 

directly used without further purification. 
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Synthesis of FcMA 

2,5-Dibromo-phenylamine (2.0 g, 7.97 mmol) and ferrocenecarboxaldehyde (1.7 g, 

7.97 mmol) were put into a 100 mL one-neck round-bottomed flask, and 500 mL of 

dry THF was added thereto. The resulting mixture was heated to reflux overnight, and 

was cooled to r.t. NaBH4 (302 mg, 7.97 mmol) was added under an ice-water bath and 

the mixed solution was stirred at r.t. overnight. The resulting solid was filtered and 

was washed several times with ethyl acetate. The filtration was washed with water 

twice, and the organic solvent was then dried over Na2SO4 and concentrated in vacuo. 

The residue was purified by column chromatography on silica gel with 

hexane/CH2Cl2 (1:1, v/v) as the eluent to give a red product in 64% yield. 1H NMR 

(acetone-d6, 400 MHz): δ 7.37 (d, 1H, J = 8.0 Hz, ArH), 6.94 (d, 1H, J = 2.4 Hz, ArH), 

6.73 (dd, 1H, J1 = 8.4 Hz, J2 = 2.0 Hz, ArH), 5.07 (br, 1H, NH), 4.32~4.31 (m, 2H, 

FcH), 4.26 (s, 5H, FcH), 4.19~4.18 (m, 2H, FcH), 4.11~4.10 (m, 2H, CH2). 
13C NMR 

(acetone-d6, 100 MHz): δ 147.24, 134.40, 123.06, 120.88, 114.87, 108.48 (ArC), 

69.46, 68.76, 68.67 (Fc) 43.20 (CH2). 

 

Synthesis of FcMMP1 

FcMMP1 was synthesized similarly as described above for PFcFEs polymers in 

chapter 2 with 60% yield except that DEnTPA instead of FcFE and FcI2 instead of 

L1 were used. 1H NMR (tetrahydrofuran-d8, 400 MHz): δ 7.96~6.99 (m, ArH), 

5.05~4.23 (m, FcH). IR (KBr pellet, cm-1): 3054 (C-H stretching, Fc), 2196 (C≡C 
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stretching), 1590 (C=C stretching, Ar), 1500 (C=C stretching, Ar), 1288 (C-N 

stretching, Ar), 1110 (C-C stretching, Fc), 1035 (C-C stretching, Fc), 832 (C-H 

bending, Fc), 493 (C-Fc stretching, Fc). 

 

Synthesis of FcMMP2 

The Suzuki-Miyaura cross-coupling reactions under nitrogen were used for the 

synthesis of FcMMP2, FcMMP3 and FcMMP4 polymers. Typical experimental 

procedure for the polymerization of DEnTPA was given below. To a 25 mL 

round-bottomed flask were added 1,1'-ferrocenediboronic acid bis(pinacol) ester (1.31 

g, 2.99 mmol), DEnTPA (1.49 g, 2.99 mmol), K2CO3 (2.07 g, 14.95 mmol), and 

PdCl2(dppf) (219 mg, 0.30 mmol) in 50 mL 1,2-dimethoxyethane. The reaction was 

heated to 80 ○C for 2 days. After cooling down to r.t., the mixture was filtered through 

celite pad and washed with THF. The filtrate was then partially concentrated in vacuo, 

and the residue was added dropwise into rapidly stirring methanol to precipitate the 

polymer. The solid was isolated and reconstituted in THF. A brown solid was drawn 

out of the solution by the slow addition of hexane, which was filtered and dried under 

vacuum to afford FcMMP2 in 39% yield. 1H NMR (tetrahydrofuran-d8, 400 MHz): δ 

7.91~6.81 (m, ArH), 5.09~4.03 (m, FcH). IR (KBr pellet, cm-1): 3058 (C-H stretching, 

Fc), 1582 (C=C stretching, Ar), 1490 (C=C stretching, Ar), 1285 (C-N stretching, Ar), 

1110 (C-C stretching, Fc), 1003 (C-C stretching, Fc), 818 (C-H bending, Fc), 505 

(C-Fc stretching, Fc). 
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Synthesis of FcMMP3 

The typical procedure for Suzuki-Miyaura cross-coupling reaction was followed, 

starting with trans-FcVP. The title polymer FcMMP3 was obtained as a brown solid 

in 34% yield. 1H NMR (tetrahydrofuran-d8, 400 MHz): δ 7.72~7.32 (m, ArH), 

4.74~4.03 (m, FcH). IR (KBr pellet, cm-1): 3090 (C-H stretching, Fc), 1631 (C=C 

stretching, vinyl), 1591 (C=C stretching, Ar), 1482 (C=C stretching, Ar), 1411 (C=C 

stretching, Fc), 1105 (C-C stretching, Fc), 1027 (C-C stretching, Fc), 818 (C-H 

bending, Fc), 489 (C-Fc stretching, Fc). 

 

Synthesis of FcMMP4 

The typical procedure for Suzuki-Miyaura cross-coupling reaction was followed, 

starting with FcMA. The title polymer FcMMP4 was obtained as a brown solid in 

46% yield. 1H NMR (tetrahydrofuran-d8, 400 MHz): δ 7.73~6.67 (m, ArH), 4.30~4.00 

(m, FcH). IR (KBr pellet, cm-1): 3089 (C-H stretching, Fc), 1590 (C=C stretching, 

Ar), 1500 (C=C stretching, Ar), 1292 (C-N stretching CH2-NH), 1105 (C-C 

stretching, Fc), 1000 (C-C stretching, Fc), 819 (C-H bending, Fc), 486 (C-Fc 

stretching, Fc). 
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