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中文摘要 

    在本論文中，本研究主要製備了兩種電致色變元件並加以探討其電化學性質，組成第一

種電致色變元件的變色材料為釕鐵雙金屬超分子高分子和普魯士藍，第二種電致色變元件則

由 N-甲基吩噻嗪離子液體和苯基紫精所製備而成。 

    在本研究第三章，首先製備出釕鐵雙金屬超分子高分子，並對其單膜電化學性質仔細探

討。另外，由於普魯士藍是廣為人知非常穩定的電變色材料，且在光學表現上在 600 至 800 

nm處有不錯的吸收強度，而釕鐵雙金屬超分子高分子具有 400到 600 nm之強烈吸收峰，因

此我們提出藉由此兩種材料之搭配，製備出能吸收全波段可見光的電致色變元件。為了防止

漏液，此元件的電解質採用高分子電解質，當操作電位在 1.3 V和-2.2 V之間，此元件在分別

503、580和 690 nm之波長下具有 52.7%、46.9%和 28.0%穿透度變化，在 503 nm、580 nm波

長下有小於 0.5 s的快速著去色時間，還發現此元件具有特殊的三段式著色效率變化，而最大

著色效率為 525.1 cm2/C。另一方面，本研究還探討了記憶效應與長期穩定性相關性，藉由添

加酸化過後的多壁奈米碳管，其表面所具有酸化官能基可以吸附過氯酸根離子，因此當釕鐵

雙金屬超分子高分子加入些許多壁奈米碳管，在經過 200秒之後，在相較記憶效應不好的 503

奈米波段，此薄膜仍可以維持 42%原來之最高去色穿透度。 

    在本研究第四章，藉由五種步驟反應成功合成出全新之帶有 N-甲基吩噻嗪的離子液體，

分別為硫化、脘基化、取代反應、離子化和陰離子製換。且每步驟之中間產物和最終產物之

結構皆用核磁共振和質譜儀確認。首先，在三級式之電解槽中對 N-甲基吩噻嗪的離子液體做

電化學分析，發現接上離子液體後，因為分子結構由原本平面分子(N-甲基吩噻嗪)改變為非平

面分子，導致 N-甲基吩噻嗪離子液體之吸收波長從 520奈米偏移到 575 nm之位置，顏色從

紅色變為紫色。為了進一步確認 N-甲基吩噻嗪離子液體在元件中電化學表現，我們使用穩定

度很高的苯基紫精與之作為搭配來組成電致色變元件，此元件 0 V與 1.2 V的操作下，在 575 

nm波段下具有 69.2%之光學穿透度化，小於 4 s的著去色響應時間、高著色效率(531 cm2/C)，

在 10,000圈操作後仍保持其最初 97.8%之光學度穿透度變化。由此可知，本研究所合成出來

的新型氧化著色材料：N-甲基吩噻嗪的離子液體同時保有 N-甲基吩噻嗪的高吸收度變化和離

子液體的高穩定性。 
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關鍵詞：電致色變元件；全波段吸收；金屬超分子高分子；N-甲基吩噻嗪離子液體；多壁奈

米碳管 
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Abstract 

In this thesis, the electrochromic (EC) performance of two electrochromic devices (ECDs), 

Ru(II)/Fe(II)-based heterometallo-supramolecular polymer/Prussian blue (PolyRuFe/PB) and N-

methylphenothiazine-based ionic liquid/phenyl viologen (NMP-IL/PV) was carefully investigated.  

Firstly, Ru(II)/Fe(II)-based heterometallo-supramolecular polymer (PolyRuFe) has been 

successfully synthesized and the electrochromic properties are carefully investigated. Also, Prussian 

blue (PB) is selected as counter electrode owing to its good stability and large absorbance change of 

UV-visible spectra from 600 to 800 nm, which is cooperated with main absorbance change of 

PolyRuFe from 400 to 600 nm. The PolyRuFe/PB ECD has been successfully fabricated with 

panchromatic characteristic and the mechanism is proposed. Switching between -1.3 and 2.2 V, the 

proposed ECD utilizing the gel-typed electrolyte based on PMMA preventing the leakage problem 

exhibits the transmittance changes of 52.7%, 46.9%, and 28.0% at 503, 580, and 690 nm, respectively. 

Moreover, the fast response time of less than 0.5 s could be observed at 503 and 580 nm for both 

coloring and bleaching. The PolyRuFe/PB ECD also exhibits three-step coloration efficiency and the 

highest values are 525.1 cm2/C at 503 nm. Furthermore, we proposed the relationship between the 

long-term stability and the memory effect of PolyRuFe/PB ECD. It was found that PolyRuFe 

incorporated with multi-walled carbon nanotubes (PolyRuFe-MWCNT) exhibits longer memory 

effect than bare PolyRuFe thin film. PolyRuFe-MWCNT remained 75%, 59% and 42% of their initial 

saturated bleaching state at 503 nm after 50, 100 and 200 s, respectively. 

In the second part, we synthesized the novel NMP-based IL via five-step reaction, including 

thionation, methylation, substitution, ionization and anion exchange that no one demonstrated before. 

Each structure of intermediates was confirmed by 1H-NMR, 13C-NMR and mass spectra. When the 

functional groups graft on the benzene, the obvious absorbance change to 575 nm is found. It is 

explained that molecular structures changes from open ion-radical to hindered ion-radical. Namely, 

the planar structure of NMP convert into NMP-IL which belongs to hindered system. In order to 

investigate the EC performance of NMP-IL in ECD, the complementary ECD was fabricated 
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incorporating the cathodically coloring material, PV, which is well-known for its high optical contrast 

and good stability. The NMP-IL/PV ECD exhibits largest transimittance change of 69.2% and 

desirable coloration efficiency of 531 cm2/C at 575 nm, which is contributed to the additive 

absorbance change of both coloring material. Moreover, the short switching times of less 4 s and good 

long-term stability (remained 92%, 96.2% and 97.8% of its original ΔT after 10,000 cycles at 430, 

575 and 710 nm respectively) is obtained. These evidences reveal that the new potential anodically 

coloring material, NMP-IL, combining both the advantages of NMP and ionic liquid have 

successfully synthesized. 

 

Keywords: Electrochromic device, Panchromatic, Metallo-supramolecular polymer, N-

methylphenothiazine, Ionic liquid, Multi-walled carbon nanotube. 
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Nomenclatures 

Abbreviation Full name 

ACN Acetonitrile 

BF4
- Tetrafluoroborate anion 

CNT Carbon nanotube 

CE Counter electrode 

CV Cyclic voltammogram 

DCM Dichloromethane 

DIW  Deionized water 

DMF Dimethylformamide 

DMPZ 5,10-dimethyl-5,10-dihydrophenazine 

DMSO Dimethyl sulfoxide 

DWCNT Double-walled carbon nanotube 

EA Ethyl acetate 

EC Electrochromic 

ECD Electrochromic device 

ES Everitt’s salt 

Fc Ferrocene 

Fe(NO3)3 Iron(III) nitrate 

HV Heptyl viologen 

ITO Indium tin oxide 

IL Ionic liquid 

LiClO4 Lithium perchlorate 

M Redox mediator 

MEPE Metallo-supramolecular polymerˇˋ 

MWCNT Multi-walled carbon nanotube 
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NaClO4 Sodium perchlorate 

NiO Nickel oxide 

NMP N-methylphenothiazine 

OCV Open-circuit voltage 

PANI Polyaniline 

PB Prussian blue 

PC Propylene carbonate 

PEDOT Poly(3,4-ethylenedioxythiophene) 

PMMA Poly-(methyl methacrylate) 

PProDOT Poly(3,4-propylenedioxythiophene) 

PSS Poly(styrene sulfonate) 

PV Phenyl viologen 

RE Reference electrode 

R2 Coefficient of determination 

TBABF4 Tetrabutylammonium tetrafluoroborate 

TCO Transparent conducting oxide 

TMPD N,N,N',N'-tetramethyl-p-phenylenediamine 

UV-Vis Ultraviolet-visible  

V Viologen 

WE Working electrode 

  

Abbreviation Latin / Meaning 

etc et cetera / and other things 

et al. et alii / and others, and co-workers 

English symbol Meaning (unit) 

A  Surface area (cm2) 

Dapp Diffusion coefficient (apparent diffusivity) (cm2s-1) 
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E Potential (V) 

Eonset Onset potential (V) 

Epa Anodic peak potential (V) 

Epc Cathodic peak potential (V) 

F Faraday constant: 96485 (C/mol) 

i Current (A) 

id Diffusion limited current (mA) 

ip Peak current (A) 

jcol Coloring current density (mA/cm2) 

jmea Measured current density (mA/cm2) 

jrec Recombination current density (mA/cm2) 

L Diffusion length (μm) 

n Number of electrons transferred (-) 

Qd Deposited charge density (C/cm2) 

Rs Serial resistance (Ω) 

Rs’ Resistance contributed by the electrolyte (Ω) 

Tc Transmittance at colored state (%) 

Tb Transmittance at bleached state (%) 

t Elapsed time (s) 

tc Coloring time (s) 

tb Bleaching time (s) 

V Volume (L) 

Vc Potential bias during coloring state (V) 

Vb Potential bias during bleaching state (V) 

ΔA Absorbance change (-) 

ΔOD Optical density change (-) 

ΔTn Percentage of transmittance change remained after n cycles (%) 
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∆T% Transmittance change (%) 

[V+•] Total amount of V+• (mol) 

[V+•]R Amount of V+• in bulk solution (mol) 

[V+•]* Amount of V+• on counter electrode (mol) 

  

Greek symbol Meaning (unit) 

ε Molar absorptivity (dm3 mol–1 cm−1) 

η Coloration efficiency (cm2/C) 

ηe Effective coloration efficiency (cm2/C) 

λmax Wavelength with maximum transmittance change (nm) 

ν Scan rate (mV/s) 

σ Ionic conductivity (mS/cm) 
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Chapter 1 

Introduction 

1.1 Overview of electrochromism 

The term, chromism, refers to a phenomenon that materials undergo reversible changes of their 

optical characteristics induced by some form of stimulus 1, such as light 2-4, heat 5 or electricity 6-7. In 

generally, chromism is based on a change in the electron states of molecules, which can be induced 

by several external stimuli which can alter the electron density of the substances. According to such 

unique properties of chromatic materials, the technology of electrochromism is developed by 

harnessing the reversible change of a chemical species between two redox states 8-9. As the result, 

electrochromism can be defined as the capability of a material under an applied potential biases 10 to 

transform its optical properties within the whole electromagnetic spectrum, including visible region 

from 400 to 800 nm or the near-infrared (NIR) region 11-14. Since 1969, the first literature reported 

about EC technology by S. K. Deb 15 , the various electrochromic devices (ECDs) utilize the optical 

changes of EC materials have been investigated, contributing to the well-being for humanity. To the 

begin, we firstly introduced several important parameters that determine the performance of the ECD 

and EC material as a start. 

 

 

  



doi:10.6342/NTU2018026072 
 

1.2 Electrochromic performance parameters 

(a) Optical contrast 

Electrochromic optical contrast is probably the most important parameter in evaluating an 

electrochromic material 16. In order to quantify this parameter, two parameters are used, either the 

largest change of absorbance (ΔA) or transmittance (∆T%) occurring at a specified wavelength. In 

general, we use transmittance change (∆T%) due to the direct information about the percentage of 

light attenuated by this EC material on which the ECDs for light attenuation purpose focus. To obtain 

the transmittance change of the ECDs, we measure both firstly the transmittance under coloring state 

(Tc) and bleaching state (Tb) and the transmittance change is equal to Tb minus Tc. The larger 

transmittance change, the more amount of light is attenuated at the wavelength with maximum 

transmittance change (λmax). For some instances, it is more practical to report a contrast over a 

specified range rather than a single wavelength. If so, variation in lightness (L*) or relative lumince 

change (Δ) 17 regarding the entire visible wavelength of both the colored and bleached states would 

be recorded in order to compare the amount of optical contrast among the visible region. 

Usually, the optical characteristics of EC materials are judged by measuring their change of 

absorbance and transmittance because the change and shade of pigment are observed directly for 

human. On the contrary, fewer studies investigate the reflection in electrochromic field owing to less 

application of reflection, except for mirrors. The most of researchers aim at developing the multi-

color or high optical contrast characteristic instead of reflective properties due to the wider application 

of smart window in electrochromic field. For this reason, the reflection would not be discussed in this 

thesis. 

 

(b) Response time 

 The response time of the EC materials and devices is used to quantify the time required to switch 

between coloring and bleaching states. There are a lot of definitions to quantify this parameter. 

Therefore, according to the previous part, we use transmittance change as the parameter to define it. 

Follow some reliable literatures, we quantify the response time as the time required to reach 95% of 



doi:10.6342/NTU2018026073 
 

the largest transmittance change from either coloring or bleaching states. Thus, coloring time (tc) and 

bleaching time (tb) are obtained. 

 The response times of the EC materials and devices are usually restricted by diffusion rate of the 

ion diffusing in the electrolyte or thin film. Subsequently, the porous characteristic of the EC thin film 

and the ion conductivity of the electrolyte are crucial for the response time. Nevertheless, not all ECD 

applications required a short switching time. For instance, the ECDs applied in glazing products or 

smart windows designed for sunlight attenuation usually prefer longer response time to prevent 

unnecessary disturbing to the users during switching. On the other hand, the ECDs used in anti-glare 

mirror on the vehicles are expected to have short response time to respond to the needs of the users 

18 . 

 

(c) Long-term stability 

The evaluation of the long-term stability (write-erase stability) is to quantify the coloring-

bleaching cycles that can be performed by the EC materials and devices. Similar to response time, 

there is no consistent method to quantify the long-term stability. Typically, the durability of 

electrochemical devices is based on the remained performance of this device, for instance, battery 

depending on the storage charge remained. Nevertheless, the stability of ECDs is not appropriate for 

only considering the charge since it could not directly reflect to the optical contrast. Thus, we 

evaluated the long-term stability by how much EC performance remained after cycling between 

coloring and bleaching states. Therefore, we use the remained transmittance change after n cycles 

(ΔTn) as a standard for long-term stability in this thesis.  

 It is obvious that good long-term stability is an important criterion for commercialized ECDs. 

Generally, a gel-typed electrolyte utilizing polymer inside would be regarded as a better candidate to 

improve the durability of electrolyte owing to leakage. In addition, the stability is also affected by the 

completeness of sealing. For the EC materials, the problem is more intricate. The factors such as the 

ion diffusion inside the EC thin film, or the diffusion of the diffusible redox activity would also 

attribute to possible degradation of the ECD. 
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(d) Coloration efficiency 

 The term, coloration efficiency (η) also referred to as electrochromic efficiency, specified the 

ratio of optical density change (∆OD) to the deposited charge density (Qd) for EC materials or an 

ECD, as given by the Eq. (1-1) 19. 

                                  η = 
∆OD

Qd

 = 
log 

Tb
Tc

Qd

                           (1-1) 

 The optical density change is defined as the optical contrast between bleaching (Tb) and coloring 

(Tc) states in logarithm, and the required charge for ECD represents the charge deposited into an ECD 

during coloring process. Required charge for an ECD, namely, the amount of charge necessary to 

arise the optical change is usually calculated through integrating the current with a defined time that 

assures the reaction reaching the steady state in fixed applied potential bias. The coloration efficiency 

indicates the relationship between optical contrast and the energy costed during the operation of an 

ECD. Therefore, the EC material and device showing higher coloration efficiency could be 

considered as a more efficient one.  
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1.3 Introduction of electrochromic materials 

To date, various classes of EC materials have been developed as chromophores in ECDs. 

Generally, classification could be divided into anodically coloring and cathodically coloring materials 

based on the coloring behavior 20. Typically, EC materials could possess both bleaching (transparent) 

and coloring states. The term, anodically coloring EC materials, indicates that these EC materials are 

darkened in the oxidative state. On the contrary, cathodically coloring materials are transparent in 

reductive state. Besides, there are materials that don’t demonstrate significant color change but still 

be utilized in ECDs as ionic storage layer.  

Nonetheless, classification based on the coloring behavior of the EC materials doesn’t clarify 

the chemical and physical properties of these materials. Therefore, an alternative method is often 

utilized by researchers, which is, dividing those EC materials into groups that have similar structures 

or intrinsic properties 20. In this section, we will focus on several classes of EC materials that we 

utilize in this thesis. 

 

(a) Metallo-supramolecular polymers 

One of the newest EC materials, named as metallo-supramolecular electrochromic materials has 

been developed by Kurth et al 21. Generally, organic polymers are synthesized through the 

polymerization of monomers, which is accompanied by the formation of covalent bonds. On the 

contrary, metallo-supramolecular polymers, which are synthesized through the complexation of 

equivalent metal ions and ditopic organic ligands, are a new type of polymers, in which the polymer 

backbone consists of coordination bonds 22. Polymers built up through weak interactions can 

assemble, disassemble and reconstruct in a dynamic fashion under ambient conditions 23, indicating 

the chain length of metallo-supramolecular polymer is not fixed in solution owing to the equilibrium 

reaction of complexation 22. Han et al. successfully synthesized a series of metallo-supramolecular 

polymers via combination Fe2+, Ru2+ and Co2+ metal ions and corresponding ligands, achieving a 

variety of color changing behaviors 24-25. The synthetic route was expressed in Fig. 1-1 while the color 

presented by the obtained Fe2+, Ru2+ and Co2+ based metallo-supramolecular polymers were shown 
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in Fig. 1-2. The mechanism of metallo-supramolecular polymer to change its color can be explained 

by the energy diagram shown in Figure 1-3. At coloring state, the energy falls in the range of visible 

light, which requires for electron to leap across energy gap between HOMO (the highest occupied 

molecular orbital) and LUMO (the lowest unoccupied molecular orbital). The different metal ions 

and ligands cause the various energy gaps, attributed to metal-to-ligand charge transfer (MLCT) 26. 

Take the Fe2+-based metallo-supramolecular for example, shown in Fig. 1-3. Its deeply blue color that 

illustrated in Fig. 1-4 attributed to its strong light absorption at 580 nm, which enable the electron at 

HOMO level to leap to LUMO level. While Fe2+ is oxidized to Fe3+ state, the colorless state is due to 

the elimination for electron undergoing MLCT, which caused by the increasing gap between HOMO 

and LUMO 22. 

 

Fig. 1-1 Coordination of metal ions and various ligands L1 ~ L5 25. 
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Fig. 1-2 Colors of Fe2+, Ru2+, Co2+ based metallo-supramolecular polymers and with various ligands 

L1 to L5, respectively 25. 

 

 

Fig. 1-3 Energy diagrams of Fe2+ based metallo-supramolecular polymer under redox states 22. 

 

 

Fig. 1- 4 Images of Fe2+ based metallo-supramolecular under different redox states 22. 
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As mentioned before, the selection of the ion in the electrolyte affect the EC performance of 

thin-film EC material. For MEPE system, the anions play the crucial role owing to adsorption by 

MEPE thin film during oxidation. CVs of the Ru(II)-based metallo-supramolcular polymer (PolyRu) 

films with different counter anions are shown in Fig. 1-5 27. PolyRu-TFSI, PolyRu-PF6, PolyRu-ClO4 

and PolyRu-CF3SO3 exhibit reversible cycle; however, the poor electrochemical properties and 

stability of PolyRu-BF4, PolyRu-Cl and PolyRu-CO3 can be observed. Among all of them, PolyRu-

ClO4 shows the highest current density and the appropriate redox potential, indicating perchlorate 

ions are the best anion for MEPE. 

 

 

Fig. 1-5 Cyclic voltammograms of PolyRu-TFSI, PolyRu-PF6, PolyRu-ClO4, PolyRu-CF3SO3, 

PolyRu-BF4, PolyRu-Cl and PolyRu-CO3 
27. 

 

(b) Prussian blue and its analogues 

Prussian blue, (PB, iron (III) hexacyanoferrate (II)) is a well-known and widely used anodically 

coloring EC material. After first, Prussian blue was merely used as a pigment in industry. The early 

reports for Prussian blue revealed that it possesses EC property, which shows a large optical change 

from its ES (Everitt’s salt, Li2Fe2+[Fe2+(CN)6]) to PB (LiFe3+[Fe2+(CN)6]) states in the presence of Li 

ion, namely, from transparent to blue. The outstanding optical contrast, long-term stability, and 

desirable response time allow Prussian blue to be utilized in various EC studies 28-32. In general, 

Prussian blue is fabricated as a thin film through electrodeposition 33, while some new methods were 
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also progressed to prepare Prussian blue nanoparticles 34-36. 

The Prussian blue analogues, refers to the analogues that different with the metal inside the 

crystal, comparing to Prussian blue. The different Prussian blue analogues lead to various EC property, 

for instance, switching from transparent to yellow (Nickel hexacyanoferrate) 35, or maintaining 

colorless in both redox states (Zinc hexacyanoferrate) 36. The multiple EC property of Prussian blue 

analogues, is one of the attractive characteristic, making them as promising EC materials for 

researchers. In Fig. 1-6, the colors of several Prussian blue analogues are presented, implying the 

potential of new EC materials that could be developed in the future 37.  

 

Fig. 1-6 The images of Prussian blue analogues that show the various colors at different redox states 

37. 
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(c) Solution-type EC materials 

In previous parts, the EC materials are mostly utilized as an EC thin film, namely, the EC 

materials are immobilized or coated on the electrode, and the transfer of electrons and ions through 

the thin film are followed by the doping or dedoping into it. There is another kind of EC materials 

that freely diffuse in the electrolyte and give or release electron onto the electrode, referring as 

solution-type EC materials 16. Separating from the EC thin films, the solution-type EC materials are 

not confined on the electrodes but diffusing in the electrolytes. Therefore, the EC property of solution-

type EC materials are different from those of thin films as the conductivity, or the diffusion coefficient 

of the thin film. The electrochromic performance of the solution-type EC materials mainly depends 

on the property of the molecule and the electrolyte in the ECD. Furthermore, compared to EC thin 

films, the absorbance spectrum of solution-type EC materials is more transparent at bleaching state 

in usual. There are several EC materials that belong to this class, such as the viologens, quinones, 

phenazines, and tertiary amines. 

One of popular solution-type EC materials, 5, 10-dimethyl-5, 10-dihydrophenazine (DMPZ) 16, 

exhibits three stable redox state, that is, DMPZ, DMPZ+, and DMPZ2+. The structure of DMPZ and 

the absorbance spectra of DMPZ+ and DMPZ2+ are presented in Fig. 1-6. As shown, a significant 

absorbance change between 400 to 500 nm, leading to a color change from transparent to lime-green 

16, 38, can be observed while the reaction triggers the oxidation of DMPZ into DMPZ+ 39. 
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Fig. 1-7 The structures of DMPZ, DMPZ+, and DMPZ2+ and the absorbance spectra of DMPZ+ (solid 

line) and DMPZ2+ (dot line) 38. 

 

Another solution-typed EC material has been investigated widely is phenothiazine, which has 

the similar structure with DMPZ. Phenothiazines are a class of important heterocycles and widely 

used as common building blocks for the synthesis of medical drugs, antitubercular agent, 

cholinesterase inhibitor, and so on 40-41. In addition, phenothiazine derivatives have been found 

frequently in other important molecules such as optoelectronic materials, antioxidants, 

polymerization inhibitors, industrial dyes and other agrochemical compounds 42-45. Recently, 

molecules and polymers containing phenothiazine moieties have attracted much research interest due 

to their unique electro-optical properties and their potential in diverse applications such as light-

emitting diodes 46-47, chemiluminescence 48 and transistors 47. Furthermore, the N-substituted 

phenothiazine derivatives (PDs) were synthesized and their corresponding ECDs were assembled. 

Most of PDs exhibit the transparent and red color in the reduced state and oxidized state, respectively. 

The structures, properties and electrochromism of PDs are presented in Fig. 1-7 and Fig. 1-8. It is 

found that PDs, with electron-rich characteristic due to presence of sulfur and nitrogen heteroatoms, 

could be easily oxidized to form stable polaron while resulting in a noticeable color change in visible 
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region, enabling PDs to be utilized in many ECDs 49-50. Another important class of solution-type EC 

materials are the viologens on which many researchers and companies focus on, and we will give our 

discussion in next section. 

 

 

Fig. 1-8 The part of PDs, concluding temperature, melt point, electrochromic color and yield 49. 

 

Fig. 1-9 CV of PDs containing 0.1 M TBAP in DCM at room temperature. The first, 10th and 100th 

cycles are shown and the scan rate is 100 mV/s. 49 
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(d) Viologens 

Among all electrochromic materials, the viologens (V), also referring as N, N-substituted 

bipyridinium salts 51, draw much attention for their dramatic and highly reversible optical change. 

Generally, Viologens exhibit three redox states, including dication state (V2+), radical cation state 

(V+•), and neutral state (V0). While switching between dication state (bleached) and radical cation 

state (colored), it leads to a significant change of optical contrast; however, the lower optical change 

is founded when switching to the radical cation state. With their electrochemical redox activity, each 

three redox states exhibit electrochromism. The di-cation is the usual starting material for their studies 

because it is the most stable of the three. As for the radical-cation state, it is also one of organic 

radicals. In solution the color of the radical will prolong almost indefinitely in the absence of 

oxidizing agents, such as ferrocene, although the reaction with oxygen is rapid 52. Di-reduced 

compounds are occasionally called bi-radicals owing to their reactivity 53. Di-reduced viologens may 

reduce hydrogen ion to hydrogen gas because they are very powerful reducing agents 54. Nevertheless, 

di-reduced species are colored in red-brown to scarlet-red 54, depending on the substituents, that the 

intensity of the color is lower than radical-cation one since no optical charge transfer or internal 

transition corresponding to visible wavelengths is accessible. Thus, we usually switch between 

dication state and radical cation state for considering its coloration efficiency and long-term stability. 

The structures of the three redox states of viologens are presented in Fig. 1-10. Typically, there 

are two anions (X-) accompanying with the N, N-substituted bipyridinium, bearing both positive and 

negative charges in molecules, making the viologen a zwitterion. The nomenclature typically used is 

to name it by the substituent groups on the bipyridinium. For instance, if the substituent groups are 

phenyl groups (R = C6H5), the viologen would be named as phenyl viologen (PV) 55. 
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Fig. 1- 10 Three redox states of viologens. 

 

The first time the name, viologen, was given to the N, N-substituted bipyridinium found in 1933 

by L. Michaelis et al. 56, and the violate color was observed from methyl viologen dication 56. Many 

researchers focus on studying viologen derivatives not only for their large optical contrast, but also 

for their highly reactive radical reaction, allowing various structural modifications for different 

purposes. As cathodically coloring EC materials, viologen derivatives probably are the most popular 

materials as solution-type EC materials. Thus, there are many reviews or handbooks about viologens 

have been published 16, 57-58. 
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1.4 Electrochromic devices 

At the beginning, an important concept about fabricating ECDs is the idea of complementary 

ECD. Namely, an ECD is often composed of one anodically coloring material and another 

cathodically coloring material that both can react simultaneously. An alternative combination is to 

choose one major coloring material and another material balances the charge in the ECD, referring as 

ion storage layer. Herein, the strategy of the complementary ECDs could combine the optical contrast 

of both two coloring materials, leading to higher coloration efficiency is quite important 59. In addition, 

the ohmic drop in the ECD could be decreased by introducing another electrochemically active 

material, leading the ECD to be operated at a significantly lower potential window and the stability 

could also be enhanced. 

Generally, an ECD would consist of several parts, including the glasses, transparent conductor 

coated on the glass, EC materials, and the electrolyte. The most widely used of transparent conductor 

is indium tin oxide (ITO) since it is considered to have outstanding conductivity and transparency. 

On the other hand, there are many novel transparent conductor are under developed, such as 

conducting polymer and graphene 60-61. 

 

(a) Thin-film type ECDs 

 

Fig. 1-11 Working principle of a thin-film type ECD. 
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The research fields of ECDs according to the properties of EC materials can separate into three 

parts, the thin-film-type 62, the solution-type 63, and hybrid type ECDs 64. The structure and working 

principle of a thin-film type ECD were illustrated in Fig. 1-11 16. For this type of ECDs, two EC 

materials are immobilized or coated compactly on the electrode as solid thin films. The functions of 

this kind of EC materials depend on the electron transfer and ion diffusion inside the thin films. Thus, 

the performances of thin-film type EC materials and devices are significantly affected by both the 

charge transfer resistance and the diffusion coefficient of ions inside the EC thin films. Thus, the ion 

in the electrolyte plays a key role in the EC performance of the thin-film type ECDs 65-67. The 

electrochromic characteristics of thin-film type are quite long of the memory time, which ranging 

from several minutes to even hours, and faster coloring/bleaching time comparing to other categories 

of ECDs. 

As mentioned before, there would be two EC materials or ionic storage layer as a complementary 

pair. Since most of the EC materials could be fabricated as thin films, such as metal oxides, conjugated 

polymers, and Prussian blue analogues, considering the candidates for fabricating this kind of ECD. 

For instance, NiO/WO3 
68, PANI/PEDOT 69, and Prussian blue/ WO3 

59 are thin-film-type ECDs that 

composed of anodically and cathodically coloring thin films. On the other hand, there are several 

studies focus on using one EC thin film contributing most of the optical change, and the other one 

only working as balancing the charge, namely, the ion storage layer. For example, Prussian blue/Zinc 

hexacyanoferrate 36, and PANI/indium hexacyanoferrate 70. 
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(b) Solution-type ECDs 

 

Fig. 1-12 Working principle of a solution-type ECD. 

 

Differently, the solution-type ECDs consist of EC materials that are redox active species 

dissolving in the electrolyte. As shown in Fig. 1-12 71, two redox couples are frequently used in a 

solution-type ECD. Generally, viologens are often used as the cathodically coloring material in this 

class of ECDs. Anodically coloring materials such as phenothiazine-based groups, phenylene diamine 

and ferrocene are utilized in such ECDs in general. 

Without any driving voltage, both EC materials are thermodynamically stable at the bleaching 

state. While a potential bias is applied, these two materials would respectively diffuse to the surface 

of different electrode to undergo oxidation and reduction, forming color change from transparent. The 

colored materials would diffuse back to bulk solution owing to the concentration gradient and charge 

transfer between them happen, namely, recombination reaction. The recombination reaction occurs 

simultaneously because the EC materials prefer to the thermodynamically stable state, bleaching state. 

Therefore, the recombination reaction would progress continuously until all colored materials 

disappear. This self-erasing characteristic could be applied in the anti-glare rearview mirror. 

Nevertheless, to maintain the solution-type ECD at coloring state, constant current is required to 

continuously supply the colored species and resist the recombination reaction. It leads to the energy 

dissipation. 
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Consequently, the faster surface reaction is often controlled by the diffusion rate of EC materials 

between bulk solution and the surfaces of electrodes. For most cases, compared with thin-film type, 

longer switching time is required in solution type ECDs. There are many combinations of redox 

couple utilizing in solution-type ECDs, such as TMPD/HV 72, ferrocene/methyl viologen 73, 

hydroquinone/ethyl viologen 74, and DMPZ/methyl viologen 75. 

 

(c) Hybrid-type ECDs 

 

Fig. 1-13 Working principle of a hybrid type ECD. 

 

The term, hybrid-type ECDs, referring as an ECD composing both thin film and electrochromic 

specie, namely, redox couple that dissolved in the electrolyte, which illustrated in Figure 1-13. As 

there is one redox couple dissolving in electrolyte, recombination reaction between electrochromic 

solid thin-film and dissolved redox couple consistently occurs. This eliminates the memory effect 

observed in thin-film type ECDs. On the other hand, the response time of such device is often 

determined by the relatively slower diffusion reaction of redox couples. The color transition time 

scale therefore is also in the range of seconds. There are still some studies using this system to develop 

the possibility of the combination of EC materials, such as the literature proposing Prussian blue/HV 

64, and NiO/dimethyl terephthalate 76. 
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1.5 Scope of this thesis 

In this thesis, expect for the introduction (Chapter 1), experimental (Chapter 2), and conclusions 

and suggestions (Chapter 5), in the rest of the thesis, we will put out effort to introduce our 

development on Ru(II)/Fe(II)-based heterometallo-supramolecular polymer (PolyRuFe) and the 

novel N-methylphenothizine derived ionic liquid (NMP-IL). There are two different chapters, 

discussing about the electrochromic device composed of PolyRuFe and Prussian blue in Chapter 3. 

In Chapter 4, we focus on synthesizing the novel NMP-IL and utilizing in the ECD with phenyl 

viologen. The framework of this thesis is illustrated in Fig. 1-14. In the following paragraphs, we will 

introduce the motivation and the expected research goal of chapter 3 and chapter 4. 

In chapter 3, we aim at fabricating a panchromatic ECD based on metallo-supramolecular 

polymer (MEPE). As mentioned before, MEPEs show many attractive EC properties; however, there 

are few studies fabricating the ECD composed MEPEs owing to their technological difficulties. 

Herein, the Prussian blue (PB) is selected as anodically coloring material because it is a popular EC 

material for its dramatic long-term stability. Further, the obvious absorbance change of PB at 600~800 

nm is utilized to fabricate the proposed ECD composed of PolyRuFe, which provides the high optical 

contrast at 400~600 nm. Also, the memory effect of PolyRuFe is investigated carefully, which is 

considered a crucial advantage of thin-film type EC material. In this chapter, we incorporated multi-

walled carbon nanotubes (MWCNTs) with PolyRuFe, abbreviated as PolyRuFe-MWCNT, to enhance 

the memory time at bleaching state by utilizing the adsorption ClO4
- of MWCNTs, which is regarded 

as the most suitable anion for MEPE thin film. 

In chapter 4, we would like to synthesize the novel NMP-based IL that no one has synthesized 

before. ILs are well-known for enhancing the durability of electrochemical device since the high 

boiling points of ILs and the higher ionic conductivity of the electrolytes with the presence of ILs. It 

is suitable for introduce the ILs in the ECD. On the other hand, the NMP as the phenothiazine-based 

group which is investigated its electrochromism recently owing to its high optical contrast and good 

stability. In this chapter, we synthesize the NMP-IL via five-step reaction, including thionation, 

methylation, substitution, ionization and anion exchange. Further, each structure of intermediates was 
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confirmed by 1H-NMR, 13C-NMR and mass spectra. In order to investigate the EC performance of 

NMP-IL in ECD, the complementary ECD was fabricated incorporating the cathodically coloring 

material, PV, which is well-known for its high optical contrast and good stability. The NMP-IL/PV 

ECD exhibits the high absorbance change, fast response time, large coloration efficiency and 

impressive long-term stability, revealing the NMP-IL is the potential anodically coloring material.  

 

 

Fig. 1-14 Framework of this thesis. 
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Chapter 2 

Experimental Procedure 

In Chapter 2, the experimental details in this thesis will be discussed carefully. Separately, the 

general experimental procedure will be introduced firstly in section 2.1, and the details about chapter 

3 and chapter 4 will be discussed in section 2.2 and 2.3, respectively. 

 

2.1 General experimental details 

2.1.1 Materials 

Sodium ferrocyanide (Na4Fe(CN)6, >99%), Iron(II) acetate (Fe(OAc)2, >99.99%), 4’,4’’’’-(1,4-

Phenylene)bis(2,2’:6’,2’’-terpyridine) (L0), 10-methylphenothiazine (98%), lithium perchlorate 

(>98%), 1-Butylimidazole (98%), 1, 4-dibromobutane (99%), propylene carbonate (PC, 99.7%), 

ethylene glycol (EG), methanol (MeOH), acetone (>99%), tetrahydrofuran (THF), dichlorobenzene, 

dichloromethane (DCM), toluene, ethyl acetate (EA), hexane(Hex), N,N-dimethylformamide (DMF) 

were all purchased from Sigma-Aldrich; cis-tetrakis(dimethylsulfoxide)-dichlororuthenium(II) 

(RuCl2(DMSO)4, 98%) was purchased from Strem Chemicals, Inc.; anhydrous sodium perchlorate 

(NaClO4) was purchased from Wako; 4-Hydroxydiphenylamine (>95%), methyl methacrylate 

poymer (PMMA), iodine were purchased from Tokyo Chemical Industry (TCI); iron(III) nitrate 

(Fe(NO3)3) was purchased from Nacalai Tesque, Inc.; sulfur powder (99.5%) was purchased from 

Alfa Asear. All chemicals were used as received without further purification. 

Throughout this thesis, ITO-coated glass (ITO glass, Solaronix SA, Rsh = 7 Ω/sq.) was utilized 

as a substrate for ECD owing to its desirable conductivity and transparency. To start with, the 

purchased ITO glasses would be cut into 3.0 x 4.0 cm2 small pieces. After that, they were 

ultrasonically cleaned in a sonciator by isopropanol, acetone and DIW for 15 min respectively and 

then dried in a N2 flow. The active area of the ITO glasses for three-electrode system were controlled 

at 2.0 x 2.0 cm2.  
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2.1.2 Apparatus 

A potentiostat/galvanostat was used for electrochemical experiments on an ALS/CHI model 

612B electrochemical workstation (CH Instruments, Inc.). A conventional three-electrode system was 

used with the ITO glass as the working electrode, platinum wire as the counter electrode, and a 

homemade Ag/Ag+ electrode in ACN with 0.1 M TBAP and 0.01 M AgNO3 as the reference electrode. 

Spectroelectrochemical measurement was carried out by a spectrophotometer (Shimadzu UV-3600). 

CIE (Commission Internationale de l’Eclairage) coordinates of the devices were acquired by using 

the same spectrophotometer (Shimadzu UV-3600). All electrochemical measurements of ECDs were 

obtained under two electrode system configuration. 

 

2.2 Experimental detail related to Chapter 3 

2.2.1 Synthesis of PolyRuFe and preparation of PolyRuFe thin film 

PolyRuFe was synthesized according to the previous literature 77. First, 108.125 mg (0.2 mmole) 

L0 and 48.45 mg (0.1 mmole) RuCl2(DMSO)4 were mixed and stirred at 150 °C in the 25 ml nitrogen-

saturated absolute ethylene glycol (EG) for 24 hr. After that, 17.4 mg (0.1 mmole) Fe(OAc)2 dissolved 

in EG was added to the reaction mixture and stirred at 100 °C in the nitrogen-saturated condition for 

24 hr. After the reaction, the solution was cooled down to the room temperature and then THF was 

added in the solution until it turns colorless. The precipitated polymers were collected by filtration 

and washed two times by THF, and then dried under vacuum overnight to obtain the PolyRuFe in 

around 90% yields. The PolyRuFe film was prepared by spin-coating 100 μl of the polymer solution 

(4 mg/ml in methanol) at 40 rpm for 5 min and finally dried at 50 oC for 30 min. 

 

2.2.2 Synthesis of PB nanoparticles preparation of PB thin film 

For water-dispersible PB nanoparticles, 3.23 g Fe(NO3)3·9H2O were mixed with 2.90 g 

Na4Fe(CN)6·10H2O in 45 ml deionized water (DIW) 78. The obtained precipitate was centrifuged at 

4000 rpm for 6 times to remove the residual reactants, and then 0.542 g Na4Fe(CN)6·10H2O was 

added into the mixed solution as surface modifier and stirred for 3 days. After that, water-dispersible 
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PB nanoparticles were obtained by removing DIW by rotary evaporator. The PB thin film was 

obtained also by spin-coating 80 μl of the uniformly dispersible aqueous solution (100 mg/ml) at 

4000 rpm for 30 s, and then heated at 90 °C for 30 min. 

 

2.2.3 Preparation of PolyRuFe-MWCNT thin film 

First, 0.5 mg MWCNT was dispersed in the 1 ml methanol uniformly, and then 4 mg PolyRuFe 

was added in the mixing solvent. The PolyRuFe-MWCNT film was prepared by spin-coating 100 μl 

of the polymer solution with MWCNT at 40 rpm for 5 min and finally dried at 50 oC for 30 min. 

 

2.2.4 Cell assembly 

All PolyRuFe and PB thin films were pretreated by cyclic voltammetry (CV) in a three-electrode 

system before assembling the ECD. The charge density of thin films was optimized for fabricating a 

complementary ECD with the maximum transmittance change. The gel-typed electrolyte was 

prepared by stirring the NaClO4, PMMA, PC and acetone with the ratio of 3:7:20:70 for 8 hr. The 

PolyRuFe/PB ECD was obtained by gel-typed electrolyte sandwiching between two films. The cell 

gap of 60 μm was controlled by one layer of DuPont Surlyn. For subsequent research, the PolyRuFe 

coated ITO electrode was used as working electrode in a two-electrode system. 

 

2.3 Experimental detail related to Chapter 4 

2.3.1 Synthesis of NMP-IL 

As a major studied target in this chapter 4, we synthesized the novel EC material, NMP-IL, by 

serial reactions. Fig. 2-1 shows the structures and synthesis route of each intermediates and final 

product. Each step of reactions were referred in literatures while the details were optimized by 

ourselves 79-85. TLC analysis was used in each reaction except ion exchange reaction to confirm 

whether the reactants ran out and how many products generated. The detail of each synthesis steps 

will be be discussed carefully at following section. 
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Fig. 2-1 The serial synthesis steps of NMP-IL. 

 

2.3.1.1 Synthesis of 10H-phenothiazine-3-ol (HMP-OH) 

The HMP-OH was prepared by thionation of the substituted 4-hydroxydiphenylamine according 

to the following method 80. A mixture of the substituted 4-hydroxydiphenylamine (0.01 mole), sulfur 

(0.02 mole), and traces amount of iodine was refluxed in 10 ml of 1,2-dichlorobenzene at 145 oC for 

12 h. Precipitation of the crude product was obtained, and effected by the addition of hexane to the 

resulting green-colored viscous mixture. After that, viscous mixture was filtered to remove hexane. 

The dark precipitate on the filter paper was washed with more hexane, and then washed with zinc 

dust to remove the extra sulfur. Extraction with toluene left a large residue, which was found to be 

charred matter. The yellow solid of HMP-OH was obtained on evaporation of the toluene extract. The 

yield of HMP-OH is 90%.  
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Fig. 2-2 The synthesis steps of HMP-OH. 

 

2.3.1.2 Synthesis of 10-methylphenothiazine-3-ol (NMP-OH) 

The NMP-OH was prepared by methylation of the substituted HNP-OH. However, there are 

secondary amine and hydroxyl group on the HMP-OH, methylation reaction was definitely going 

upon both functional groups no matter which base and solvent was used. Compared to other literatures 

81-82, we didn’t use the base as initiator to avoid the methylation reaction occurring on the hydroxyl 

group. HMP-OH (0.15 mmole), CH3I (0.9 mmole), which excess six time of HMP-OH for reacting 

completely, and 20 ml of DMF in bomb reactor at 90 oC for 8 h. Furthermore, compared to DMSO, 

DMF is an ideal solvent for this reaction, resulting the less needless product. After reaction finished, 

DMF was removed by vacuum distillation and left crude residue. The residue was purified by column 

chromatography on silica gel by eluting with ethyl acetate (EA) and hexane to provide NMP-OH. 

Because the structure of target product, NMP-OH, is similar than the structures of other needless 

product, it is difficult to separate pure NMP-OH from others on silica gel by eluting with EA and 

hexane only. The pure beige solid, NMP-OH, can be obtained using column chromatography on silica 

gel again by eluting with DCM and hexane (DCM:hexane=10:1). By hydrothermal reaction, the yield 

of NMP-OH increase to 68% from ca 30% while adding base in the reaction. 

 

 

Fig. 2-3 The synthesis steps of NMP-OH. 
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2.3.1.3 Synthesis of 3-(4-bromobutoxy)-10-methylphenothiazine (NMP-Br) 

The NMP-Br was prepared by substitution reaction according to the following method 83-84. A 

solution of 5 mmol 1, 4-dibromobutane in ACN was added dropwise to a stirred mixture of 1 mmol 

NMP-OH and 3 mmol K2CO3 in ACN at 85 oC for 8 h. After reaction finished, which checked by 

TLC analysis, ACN was evaporatered and the mixture was obtained. The mixture was purified by 

column chromatography on silica gel by eluting with DCM and hexane to provide white solid, NMP-

Br. 

 

 

Fig. 2-4 The synthesis steps of NMP-Br. 
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2.3.1.4 Synthesis of 1-butyl-3-(4-(10-methylphenothiazin-3-yloxy)butyl)-imidazol-3-ium 

bromide (NMP-IL-Br) 

The NMP-Br was prepared by ionization reaction 84. The equivalent of NMP-Br and 1-

butylimidazole were reacted in the DMF at 150 oC for 3 h. After that, DMF were removed by vacuum 

distillation and the black viscous residue was obtained, NMP-IL-Br. For this reaction, the temperature 

plays a crucial role. We tried to use toluene or ACN as solvent during reaction; nevertheless, the lower 

temperature could not induce the reaction owing to the larger functional group of NMP. For this 

reason, DMF is the better choice as reaction solvent having chemical stability and higher boiling point. 

 

 

Fig. 2-5 The synthesis steps of NMP-IL-Br. 
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2.3.1.5 Synthesis of 1-butyl-3-(4-(10-methylphenothiazin-3-yloxy)butyl)-imidazol-3-ium  

perchlorate (NMP-IL) 

The last step in the synthesis involved an anion exchange form bromide to chlorate because the 

better solubility of chlorate anion in organic solvent 85. A solution of NMP-IL-Br in water was added 

excess LiClO4, and the mixture was stirred at room temperature for 3 h. The dark precipitate could 

be observed during reaction. After that, extracted with DCM and DIW, and removed DCM getting 

the pure NMP-IL. 

 

 

Fig. 2-6 The synthesis steps of NMP-IL. 

 

2.3.2 Preparation of PV (PV(BF4)2) 

1.54 mmol PVCl2 was dissolved in 1 mL DIW and 18.85 mmol NaBF4 was dissolved in 4 mL 

DIW. The aqueous solution was then mixed in ice bath, and the mixture was centrifuged at 13,000 

rpm for 30 min. After that, the precipitate was further washed by DIW for 3 times. Finally, the beige 

PV(BF4)2 powder was collected by drying in vacuum for 24 hours. 

 

2.3.3 Cell assembly 

All-in-one EC materials and supporting electrolyte containing 0.03 M NMP-IL, 0.03 M PV and 

0.1 M TBABF4 in PC was sandwiched between ITO substrates. The 60 μm cell gap was controlled 

by one layer of DuPont Surlyn. 
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Chapter 3 

A Panchromatic Electrochromic Device Composed of Ru(II)/Fe(II)-

Based Heterometallo-supramolecular Polymer and Prussian Blue 

3.1 Introduction 

Among all electrochromic materials, metallo-supramolecular polymers draw much attention due 

to their promising electrochromism as inorganic-organic hybrid materials. The polymers show 

various colors and impressive optical properties owing to metal-to-ligand charge transfer (MLCT) 

absorption and intervalence charge transfer (IVCT), which are triggered by the electrochemical redox 

reaction of the metal ions 86. Recently, terpyridine ligands are most commonly used because of their 

rich coordination chemistry, thermal stability, and high binding affinity towards transition metal ions 

87, including Fe(II), Ru(II), Co(II), and other transition metals, which have proved to play a key role 

in the MEPEs based on d-d* transition or MLCT absorbance 88-90. Through different ligands and 

corresponding metal ions combination, new polymers, which exhibit unique electrochromism, can be 

created 91. Furthermore, the multi-color characteristic could be observed for the polymers, which 

utilize different kinds of ligands or consist of two metal ion species 92-93. 

Meanwhile, many researchers aim at developing black-to-transmissive ECD recently for a 

growing demand of novel displays, which are energy-efficient simultaneously like e-paper or e-book. 

However, it is a challenging task to achieve high optical change over the entire visible wavelength, 

and only a few materials have been successfully demonstrated. For examples, Beaujuge et al. reported 

on the use of the donor–acceptor approach to make a black-to-transmissive polymer thin film 17. Hsu 

et al. proposed the Co(II)-based metallo-supramolecular polymer (PolyCo) which showed the black-

to-transmissive electrochromism 94. In addition, some ECDs have been fabricated with easy to show 

panchromatic optical change by using multiple EC materials 95-98. MEPEs draw much attention for 

high optical contrast, fast response time, and outstanding stability 89; however, scarcely any of 

researchers fabricated the ECD which exhibits the panchromatic characteristic based on MEPEs.  

Herein, we demonstrate the panchromatic ECD composed of Ru(II)/Fe(II)-based heterometallo-
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supramolecular polymer (PolyRuFe) and Prussian blue (PB, Iron(III) hexacyanoferrate(II)), for PB 

provides the strong absorbance from 600nm to 800nm, and PolyRuFe provides the large optical 

change from 400 nm to 600 nm. Moreover, anodically coloring PB is selected as counter electrode in 

this study owing to it is a well-known inorganic material for fairly good stability and large optical 

change 99-100. In general, it is operated between two states, one is Prussian blue state (oxidized form) 

the other is colorless Everitt’s salt (ES) (reduced form) and it can be cycled reversibly for more than 

thousands times in whether aqueous or non-aqueous solvents 78. Meanwhile, to tackle the leakage 

problem in a solution-typed electrolyte, the ECD utilize gel-typed electrolyte based on poly-(methyl 

methacrylate) (PMMA), it leads to safety and better stability of the ECD. It is expected that an ECD 

exhibits panchromatic absorbance change, fast response time and well cycling stability. 
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3.2 Results and discussion 

3.2.1 Characterization of PolyRuFe in a three electrode system 

3.2.1.1 CV of PolyRuFe in a three-electrode system 

A cyclic voltammorgram (CV) of PolyRuFe performed in a three-electrode system is shown in 

Fig. 3-1. Upon the variation of the potential bias, the current density dropped or increased 

significantly at certain potential, indicating the happen of two redox reactions. The first redox couple 

at 0.77 and 0.70 V (vs. Ag/Ag+) could be attributed to the redox reaction between metal ions Fe(II) 

and Fe(III). The second redox couple at 0.93 and 0.84 V (vs. Ag/Ag+) could be described to the redox 

reaction between Ru(II) and Ru(III). Furthermore, according to previous literature of PolyCo 94, we 

proposed the mechanism as Eqs. (3-1) and (3-2) attributed to the redox of Fe(II) and Ru(II), 

respectively. 

 

[(PolyRu(II)Fe(II)]n ‧ (4n)ClO4
- + nClO4

- ↔ [(PolyRu(II)Fe(III)]n ‧ (5n)ClO4
-+ ne-           (3-1) 

(purple)                             (orange) 

 

[(PolyRu(II)Fe(III)]n ‧ (5n)ClO4
- + nClO4

- ↔ [(PolyRu(III)Fe(III)]n ‧ (6n)ClO4
-+ ne-         (3-2) 

(orange)                            (light green) 

 

At the time when the potential bias was larger the peak potential at 0.77 V, the PolyFe(II)Ru(II) 

would be oxidized to PolyFe(III)Ru(II), leading a color variation from purple to orange. The color 

change from orange to light green when switching to 0.93 V attributed to the oxidation of 

PolyFe(III)Ru(II), forming PolyFe(III)Ru(III).  
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Fig. 3-1 CV of PolyRuFe and 0.1 M NaClO4 in acetone at a scan rate of 50 mV/s in a three-electrode 

system. 

 

3.2.1.2 UV-Vis absorbance spectra of PolyRuFe in a three electrode system 

The absorbance spectra with various applied potential bias are shown in Fig. 3-2. Two 

significantly optical changes occurred with the peaks at 503 nm and 580 nm when the applied 

potential bias arrived at 1.2 V (vs. Ag/Ag+). PolyRuFe is synthesized with the equimolar ratio of Fe(II) 

and Ru(II); however, the absorbance of Ru(II) complex portion at 503 nm is much stronger than that 

of the Fe(II) complex portion at 580 nm. It is attributed to the larger absorption coefficient (ℇ) value 

of Ru(II)-based MEPE (PolyRu) than that of Fe(II)-based MEPE (PolyFe). According to the previous 

literatures, the reason is that stronger π-conjugated of ligand (L0) to the Ru(II) metal ions than to F(II) 

metal ions and a stronger dynamic chelate effect of Ru(II) metal ion to ligand (L0) compared to that 

of Fe(II) 101. 
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Fig. 3-2 UV-Vis absorbance spectra of PolyRuFe with maximum absorbance in acetone. 

 

3.2.1.3 Image of PolyRuFe at 0, 0.9 and 1.2 V (vs. Ag/Ag+)  

The images of PolyRuFe at 1.2 V (bleaching state), 0.9 V and 0 V (coloring state) in three 

electrode system are shown in Fig. 3-3, it shows the multi-color characteristic, the light green, orange 

and dark purple color could be observed at 1.2, 0.9 and 0 V, respectively. 

 

 

Fig. 3-3 Images of PolyRuFe at 1.2 V (bleaching state), 0.9 V and 0 V (coloring state) in three 

electrode system (vs. Ag/Ag+). 
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3.2.1.4 Dynamic transmittance responses at 503 and 580 nm for PolyRuFe 

Fig. 3-4 shows the dynamic transmittance responses at 503 and 580 nm for PolyRuFe with a 

potential bias stepped between 1.3 V (bleaching) and 0 V (coloring) with 10 s interval. The measured 

values of Tb, Tc, ΔT, tb and tc are summarized in Table 3-1. As demonstrated, PolyRuFe thin film 

exhibits a large ΔT of 68.8% and 58.7% at 503 and 580 nm respectively. The coloring and bleaching 

responses shorter than 1 s could be observed at each wavelength. To verify the above results, which 

is measured from optical contrast, the formula of diffusivity in kinetics shown in Eqn. 3-3 was utilized, 

where td is the diffusion time (s), l is the diffusion distance (cm), and D is the diffusivity of ions.  

                                       𝑡𝑑 =
𝑙2

𝐷
                               (3-3) 

As mentioned before, the ClO4
- ions would adsorb and desorb from the PolyRuFe film during 

oxidation and reduction of PolyRuFe, respectively. To estimate the diffusion time of ClO4
- in 

PolyRuFe thin film, diffusion distance was set as the thickness of PolyRuFe thin film, which around 

200~300 nm; the diffusivity of ClO4
- ions in the film, D, was set as 10-9 cm2/s, which was the ca. 

values of ions diffusion in the thin film. The td was calculated as 0.4~0.9 s, which is close to the values 

of tb and tc. Consequently, the dynamic of ClO4
- diffusion can give evidence of the response time of 

optical contrast. 

 

Fig. 3-4 Dynamic transmittance responses at 403 and 580 nm for PolyRuFe performed with a 

0 20 40 60
0

25

50

75

100

2

1

0 V

1.3 V

1  503 nm

2  580 nm

PolyRuFe

0.1 M NaClO4 in acetone

Interval time : 10 s

 

 

T
r
a
n

sm
it

ta
n

c
e
 (

%
) 

Time (s)



doi:10.6342/NTU20180260735 
 

potential step between 0 and 1.3 V. 

Table 3-1 Dynamic transmittance response of the PolyRuFe. 

λmax (nm) T
b
 (%) T

c
 (%) ΔT (%) t

b
 (s) t

c
 (s) 

503 74.7 5.9 68.8 0.3 0.9 

580 72.1 13.4 58.7 0.8 0.5 

 

4.2.1.5 Long-term stability of PolyRuFe in a three electrode system 

The long-term stability of the PolyRuFe based on their write-erase ability were investigated by 

stepping the PolyRuFe between 0 V (coloring state) and 1.3 V (bleaching state) with an interval time 

of 10 s for both coloring and bleaching processes. Dynamic transmittance response cycled for 1000 

cycles between coloring and bleaching state at 503 and 580 nm are shown in Fig. 3-5 and Fig. 3-6, 

respectively. To qualify the long-term stability, the remained ΔT after n cycles (ΔTn) of PolyRuFe are 

collected in Table 3-2. 

As shown in Fig. 3-5 and Fig. 3-6, good stability that remained around 95% after 1000 cycles 

could be observed for PolyRuFe at both 503 and 580 nm, indicating the quite high redox reversibility 

of PolyRuFe compared to the normal conducting polymers and metal oxides. It is explained that the 

EC mechanism is different with the other organic or inorganic EC material. The main driving force 

to cause the strong color changes is according to the intensity of MLCT, which increases or decreases 

by the redox reaction of the centre metal ions. 

 

Table 3-2 Dynamic transmittance response of the PolyRuFe. 

λmax (nm) ΔT (%) ΔT
500

 (%) / Retention (%) ΔT
1000

 (%) / Retention (%) 

503   68.8 68.1 / 99.0 64.7 / 94.0 

580  59.6 59.5 / 99.8 58.4 / 98.0 
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Fig. 3-5 Long-term stability of PolyRuFe at 503 nm. 

 

Fig. 3-6 Long-term stability of PolyRuFe at 580 nm. 
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3.2.2 Characterization of PB in a three electrode system (vs. Ag/Ag+) 

3.2.2.1 CV of PB 

A CV of PB performed in a three-electrode system is shown in Fig. 3-7. The redox couple could 

be attributed to the following reaction, presented in Eq. (3-3): 

 

Na4Fe(II)4[Fe(II)CN6]  ↔  Fe(III)4[Fe(II)CN6] + 4e- + 4Na+               (3-4) 

(ES, colorless)            (PB, blue) 

 

It shows the cycled reversible stability in acetone and the upper applied oxidative potential is 

controlled at 0.3 V to avoid the appearance of the second redox peak, forming the Berlin Green. 

 

Fig. 3-7 CV of PB in acetone at a scan rate of 50 mV/s in a three-electrode system. 
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3.2.2.2 UV-Vis absorbance spectra of PB 

The absorbance spectra of PB with various applied potential bias are shown in Fig. 3-8. When 

negative potential more than -0.4 V is applied, high transparency was observed. When the applied 

potential bias reached to 0.3 V, a strong absorbance spanned from 600 nm to 1000 nm is noticed and 

the maximum absorbance peak locates at 690 nm. It is expected that an ECD composed of PolyRuFe 

and PB would exhibit panchromatic characteristic. 

 

Fig. 3-8 UV-Vis absorbance spectra of PB at various potential biases from -0.4 to 0.3 V. 
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3.2.3 Characterization of PolyRuFe/PB ECD 

3.2.3.1 CV of PolyRuFe/PB ECD 

Further, we fabricated a PolyRuFe/PB ECD. A CV of the ECD is presented in Fig. 3-9 and three 

redox peaks could be observed. These two redox couples (a1, c1 and a2, c2) could be described to the 

redox reaction of PolyRuFe and PB. As shown, the peak separation of these two redox peaks are 

similar as PolyRuFe thin film, implying the PB is an ideal counter electrode for the MEPE system. 

We proposed the mechanism Eq. (3-4) of the PolyRuFe/PB ECD by combination of Eqs. (3-1), (3-2) 

and (3-3), as follow: 

 

[(PolyRu(II)Fe(II)(ClO4
-)4]n + (n/2)Fe(III)4[Fe(lI)(CN)6]3 + 2nNa+ + 2nClO4

-    

                    (near black) 

↔ 

[(PolyRu(III)Fe(III)(ClO4
-)4]n  +  (n/2)Na4Fe(II)4[Fe(II)(CN)6]3                       (3-5) 

                    (light green) 

 

Nevertheless, it is still observed the third redox couple (a3, c3) in the CV measurement. This 

could be attributed to the side reaction of PB due to the mismatch charge density of the PolyRuFe 

and PB. Owing to the quite small charge density of PolyRuFe, it cannot provide sufficient charge to 

lead PB redox completely even though PB film is very thin. Thus, the wider potential is applied to 

lead PB redox completely in order to form the uniform color change of the proposed ECD at coloring 

state. 
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Fig. 3-9 CV of the PolyRuFe/PB ECD with gel-type electrolyte. 

 

3.2.3.2 UV-Vis absorbance spectra of PolyRuFe/PB ECD 

In order to investigate electrochromic properties of the PolyRuFe/PB ECD with the gel-typed 

electrolyte, UV-vis absorbance spectra of the proposed ECD were measured between 2.2 to -1.3 V, 

shown in Fig. 3-10. The proposed ECD shows panchromatic feature and well absorbance change in 

the visible region. When the applied negative potential bias reached over 0 V, two obvious peaks at 

503 nm and 580 nm could be noticed. The large increment at 503 nm and 580 nm are mainly attributed 

to the redox reaction of Ru(II) and Fe(II) ions, respectively. Similarly, the high optical change could 

also be perceived from 600 nm to more than 800 nm, and it is mainly described by the redox of PB. 

Originally, the absorbance of Ru(II) complex portion at 503 nm is much stronger than that of the Fe(II) 

complex portion at 580 nm, according to the larger absorption coefficient (ℇ) value of Ru(II)-based 

MEPE. It could be noticed that the increment of absorbance change at 580nm due to the overlapping 

the absorbance of PB. When the applied potential bias is over 1.4 V, the ECD reach to bleaching state; 

however, the light green is also observed. In order to redox PB completely, the more positive and 
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negative potential biases of 2.2 and -1.3 V were applied. As shown in Fig. 3-10, when applied the -

1.3 V, the larger absorbance increases at 690 nm compared to 503 and 580nm. 

 

Fig. 3-10 UV-vis absorbance spectra of the PolyRuFe/PB ECD at different potential bias from -1.3 V 

to 2.2 V. 

 

3.2.3.3 Dynamic transmittance change at 503, 580 and 690 nm of PolyRuFe/PB ECD 

The dynamic transmittance curves of the PolyRuFe/PB ECD, which were collected at 

characteristic absorbance peaks of 503, 580 nm and the absorbance peak of PB at 690 nm, are 

presented respectively in Fig. 3-11. The bleaching potential and the coloring potential are 2.2 V and 

-1.3 V, respectively. The data are also summarized in Table 3-3. The highest transmittance change 

(ΔT) of 52.7% at 503 nm could be observed, according to strong π-conjugated of ligand (L0) to the 

Ru(II) metal ions. Moreover, the transmittance change (ΔT) of 46.9% and 28.0% could be observed 

at 580 nm and 503 nm, respectively. It shows less transmittance change (ΔT) at 690nm owing to the 

thinner PB film that in order to match the charge-density with a PolyRuFe film. The proposed ECD 
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at 690 nm exhibits a short response time of less than 4 s. Furthermore, it is remarkable that the quite 

short response time of less than 0.5 s at 503 nm and 580 nm could be observed for both coloring and 

bleaching process. The PolyRuFe/PB ECD shows the advantage of ECD based on MEPEs completely. 

 

Fig. 3-11 Dynamic transmittance response of the PolyRuFe/PB ECD at 503, 580 and 690 nm. 

 

Table 3-3 Dynamic transmittance response of the PolyRuFe/PB ECD. 

λ (nm) Tb (%) Tc (%) ΔT (%) tb (s) tc (s) 

503 66.3 13.6 52.7 0.3 0.2 

580 66.2 19.3 46.9 0.5 0.3 

690 64.5 36.5 28.0 0.9 3.6 
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3.2.3.4 Coloration efficiency of PolyRuFe/PB ECD 

To investigate the optical density change (ΔOD) and the required driving voltage for the 

PolyRuFe/PB ECD, the relationship between ΔOD at three different wavelengths and the charge 

density (Qd) under various potential bias are presented in Fig. 3-12. The measured charge densities 

were calculated by integration of the measured current densities against the fixing time (5 s). The 

coloration efficiency (η) is obtained by Eq. (3-5): 

 

          η = ΔOD/Qd                             (3-6) 

 

The coloration efficiencies of the PolyRuFe/PB ECD were calculated to be ca. 525.1, 61.4 and 

57.7 cm2/C at 503 nm; 114.3, 413.6 and 114.7 cm2/C at 580 nm; 53.6 and 140.9 cm2/C at 690 nm, 

corresponding to the portion of Ru(II), Fe(II), and Prussian blue, respectively. The value of coloration 

efficiency at 503 nm decreased dramatically while that at 503 nm increased at larger potential bias 

(0.9~2.2 V), which can be attributed to the prior reduce reaction of Ru(II) compared to Fe(II). In Fig. 

3-9, the oxidation peak a1 of Fe(II) is on the left compared to the peak a2 of Ru(II), indicating the 

formal oxidation potential of Ru(II) is higher than Fe(II). In other words, Ru(II) is much easier 

reduced than Fe(II) so that Ru(II) was reduced first when applying higher range of potential bias 

(0.9~2.2 V); while major part of Fe(II) was reduced when applying lower range of potential bias 

(0.6~0.9 V). Finally, the large absorbance change at 690 nm when applied potential bias from 0.6 to 

-1.3 V and coloration efficiency of PB was collected as 140.9 cm2/C, which is the largest values, 

compared to 503 and 580 nm, upon these potential biases. These results lead the three-step values of 

the coloration efficiency.   Furthermore, the quite large coloration efficiency 525.1 and 413.6 cm2/C 

were obtained, respectively, at 503 nm and 580 nm, demonstrating that only a little charge density 

needed to drive EC reactions. 
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Fig. 3-12 The relationship between the optical change (ΔOD) and the applied charge density with 5 

s sampling time of the PolyRuFe/PB ECD at 503, 580 and 690nm. 
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3.2.3.5 CIE 1973 system of colorimetry for PolyRuFe/PB ECD 

To scientifically evaluate the color change of ECD occurring on electrochemical switching, the 

ECD is subjected to colorimetric analysis by using CIE 1931 system of colorimetry, which is shown 

in Fig. 3-13. When the device is at bleaching state, the chromaticity coordinates (x=0.3391, y=0.3701). 

The chromaticity (x=0.3303, y=0.2428) could be observed at the coloring state. The position at 

coloring state in the chromaticity move toward purple area owing to the much stronger absorbance of 

PolyRuFe than the absorbance of PB. Further, the images of PolyRuFe ECD at bleaching (2.2 V) and 

coloring (-1.3 V) states are shown in Fig. 3-14. 

 

Fig. 3-13 Colorimetry (x-y diagram) of the PolyRuFe/PB ECD at the bleaching state (2.2 V) and 

coloring state (-1.3 V). 
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Fig. 3-14 Images of PolyRuFe/PB ECD at bleaching (2.2 V) and coloring (-1.3 V) states. 

 

3.2.3.6 Long-term stability of PolyRuFe/PB ECD 

A long-term cycling test for the PolyRuFe/PB ECD was performed and the results collected at 

503, 580 and 690 nm are presented in Fig. 3-15. The quantitative EC switching performance of the 

ECD at the first and 200th cycle is recorded in Table 3-4. No significant decay in ΔT could be 

observed at both 580 and 690 nm, which are mainly contributed by PolyFe and PB, respectively. By 

comparing the performances before and after 200 cycles (4000 s in total), its ΔT remains 89.7% and 

89.6% of its original value (at 580 and 690 nm, respectively). However, the value of the ΔT at 503 

nm decreased from the initial 53.6% to about 17.2% at the end of 200 cycles. PolyRu exhibits stable 

redox reactions in the three electrode system, but may become unstable in the ECD owing to its higher 

redox potential window. The main reason we proposed is the worst memory effect of PolyRu 

compared to PolyFe. It leads the ineffective pretreatment of oxidation for the ECD, which is generally 

considered to be an important part before fabricating the ECD. As Fig. 3-15, it shows the dynamic 

transmittance responses when switching between 0 (coloring state) and 1.3 V (bleaching state). After 

switching to bleaching state, the PolyRuFe film was left in the open-circuit condition to investigate 

its memory effect. The results of the retention are collected in the Table 3-5. In the open-circuit 

condition, PolyRu turns to coloring state rapidly in 50 s. On the other hand, PolyFe exhibits better 

memory effect that could maintain 40 % of its saturated bleaching state for 150 s. Due to poor memory 

effect of PolyRu, it is found that PolyRu cannot be bleached gradually in the optical long-term 

stability measurement. 
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Fig. 3-15 Long-term transmittance change of the PolyRuFe/PB ECD. The ECD was switched 

between -1.3 V and 2.2 V for 200 cycles. 

 

Table 3-4 EC performances of the PolyRuFe ECD at the 1st and 200th cycles. 

Cycle λ (nm) Tb (%) Tc (%) ΔT (%) 

1 503 59.8 6.2 53.6 

200 503 24.0 6.8 17.2 

1 580 60.5 10.1 50.4 

200 580 56.7 11.5 45.2 

1 690 55.4 33.2 22.2 

200 690 62.1 48.2 19.9 
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3.2.3.7 Memory effect of PolyRuFe in a three electrode system 

In order to improve the poor memory effect of PolyRu(III), the multi-walled carbon nanotubes 

(MWCNTs) is introduced in the PolyRuFe/PB ECD. According to the literature, oxidized MWCNTs 

promoted ClO4
- adsorption due to the introduction of more oxygen-containing functional groups, 

which served as additional adsorption sites. As shown in Fig. 3-14 and Table 3-4, PolyRuFe-MWCNT 

exhibits longer memory effect than bare PolyRuFe. PolyRuFe-MWCNT remained 75%, 59% and 

42% of their initial saturated bleaching state at 503 nm after 50, 100 and 200 s, respectively. On the 

other hand, the retention of PolyRuFe-MWCNT at 580 nm increases to 94%. Comparing to bare 

PolyRuFe, the memory effect of PolyRuFe-MWCNT greatly increases. It is expected to improve the 

long-term stability of PolyRuFe by enhancing the memory effect owing to adsorption amounts of 

ClO4
-. 

 

 

Fig. 3-16 The retention of the saturated bleaching state for PolyRuFe thin film at 503 and 580 nm. 
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Fig. 3-17 The retention of the saturated bleaching state for PolyRuFe-MWCNT thin film at 503 and 

580 nm. 

 

Table 3-5 The memory effect of PolyRuFe and PolyRuFe-MWCNT. 

Thin films λ (nm) 

T
b
 / Ra (%) 

(initial) 

T
b
 / R (%) 

(50 s) 

T
b
 / R (%) 

(100 s) 

T
b
 / R (%) 

(200 s) 

PolyRuFe 

503  85 / 100 29 / 34 15 / 18 - 

580  80 / 100 74 / 92 58 / 73 - 

PolyRuFe-MWCNT 

503  72 / 100 54 / 75 43 / 59 30 / 42 

580  67 / 100 66 / 98 65 / 96 64 / 94 

a Retention of its initial Tb. 

 

 

0 200 400 600 800 1000
0

25

50

75

100

2

1  503 nm

2  580 nm

PolyRuFe + 0.5 mg/ml MWCNT

0.1 M NaClO4 in acetone

 

 

T
ra

n
sm

it
ta

n
ce

 (
%

)

Time (s)

1



doi:10.6342/NTU20180260750 
 

A comparing table based on the ECD composed of MEPE is shown in Table 3-6. As presented, 

there are few researchers aim at fabricating ECD based on MEPE. In particular, there are rare ECDs 

composed of PolyRu owing to the poor stability. However, the proposed PolyRuFe/PB ECD still 

exhibits lots of desirable EC properties, including larger ΔT and shorter response time, compared to 

other ECD based on MEPE. The relationship between long-term stability and memory effect were 

investigated and PolyRuFe-MWCNT was investigated to enhance memory time in this chapter. It is 

expected to improve the stability of PolyRu in the future. 

 

3.2.3.8 EQCM analysis of PolyRuFe-MWCNT and PolyRuFe 

To understand the ionic transport phenomenon, the electrochemical quartz crystal microbalance 

(EQCM) analysis was applied for the PolyRuFe-MWCNT and PolyRuFe films. EQCM is used to 

study the mass changes in a gold-disk electrode by measuring the frequency change of the crystal. In 

order to calculate the accumulated mass, ΔM, a correlation equation is shown in Eq. 3-6. 

ΔM = − [
𝐴×𝑁×𝑟𝑞

−𝑓0
2 ] × Δf                       (3-7) 

ΔM is the change of mass (g), f0 represents the resonant frequency of the initial mode of quartz crystal 

(8.88 MHz), A is the surface area of the gold-disk electrode (0.196 cm2), N is the shear modulus of 

quartz (167 KHz cm), Rq is the density of the quartz crystal (2.684 g/cm2), and Δf is the measured 

change of resonant frequency. 

Fig. 3-18 (a) and (b) show in situ mass change of PolyRuFe and PolyRuFe-MWCNT films 

during the potential cycling between 0 to 1.3 V in 0.1 M NaClO4 at a scan rate of 20 mV/s, respectively. 

Both of two films show the reversible and stable mass change during CV scan. When the cycling 

potential switched from ca 0.7 to 1.2 V, the increasing mass can be observed owing to the adsorption 

of ClO4
-; the potential switched from ca 1.1 to 0.6 V, the decreasing mass was obtained due to the 

reduction of PoluRuFe leading the desorption of ClO4
-. It is indicated that the adsorption and 

desorption of ClO4
- occurs accompanying the redox reaction of PolyRuFe cause the mass change of 

two films. 
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Fig. 3-18 Current density and accumulated mass change of (a) PolyRuFe and (b) PolyRuFe-MWCNT 

films on the gold-disk electrode of CV scan in the solution containing 0.1 M NaClO4 at a scan rate of 

20 mV/s. 
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3.2.3.9 QCM analysis of PolyRuFe-MWCNT and PolyRuFe films at OCV. 

In order to investigate the relationship between memory effect and the adsorption of ClO4
-, the 

quartz crystal microbalance (QCM) was measured at the open-circuit voltage (OCV) condition, 

shown in Fig. 3-19. As shown, the lower mass change of PolyFe-CNT can be observed at the OCV 

in 1000 s, compared to PolyRuFe, implying the effective adsorption of ClO4
- by MWCNT. PolyRuFe-

MWCNT exhibited the better memory effect, attributed to the slower desorption of ClO4
-. 

 

Fig. 3-19 Mass change of PolyRuFe-MWCNT and PolyRuFe films on the gold-disk electrode at OCV. 

 

Table 3-6 Mass change of PolyRuFe-MWCNT and PolyRuFe films on the gold-disk electrode at 

OCV 
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ΔM (µg) 

(200 s) 

ΔM (µg) 
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ΔM (µg) 

(600 s) 

ΔM (µg) 
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ΔM (µg) 

(1000 s) 

PolyRuFe-MWCNT -0.10 -0.14 -0.15 -0.14 -0.15 
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Table 3-7 List of literatures on the EC performance of ECDs composed of MEPE 

ECD 
Vb/Vc 

(V) 

tb/tc  

(s) 

ΔT  

(%) 

Rk (%) 

(nth cycle) 
Ref. 

PolyFe/electrolytea/VOx
f 1.6/0 - 36 - 102 

PolyCu/electrolyteb/PANIg 1.5/0.8 0.2/0.4 21 99 (1500) 103 

PolyRu/electrolytec/PANI:PSSh -1.5/1.5 1.3/4.0 40 - l 

PolyFe/electrolyted/NiHCFi 0.8/0 1.0/0.5 45 95 (1500) m 

PolyCo/electrolytee/Fcj 0/2.5 2.3/1.6 52.7 92 (500) n 

PolyRuFe/PB at 503 nm 2.2/-1.3 0.3/0.2 52.7 32.1 (200) Chapter 3 

PolyRuFe/PB at 580 nm 2.2/-1.3 0.5/0.3 46.9 89.7 (200) Chapter 3 

a 1.0 M LiClO4 /PC thickened with a thermoplastic polymer. b 0.1 M tetrabutylammonium perchlorate 

in ACN with 1.0 mM HClO4. 
c 0.1 M LiClO4 in ACN with 1.0 mM HClO4. 

d NaClO4 : PMMA : PC : 

ACN = 3 : 15 : 25 : 57 wt%. e 0.1 M LiClO4 in acetone. f Vanadium oxide. g Polyaniline. h 

Polyaniline:polystyrene sulfonate. i Nickel hexacyanoferrate. j Ferrocene. k Retention of its initial ΔT 

after cycling. l Wan Hsuan’s work. m Hsin-Che’s work. n Sheng-Yuan’s work. 
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3.3 Conclusions 

In this section, PolyRuFe which exhibited the multi-color characteristic was successfully 

synthesized and the electrochromic properties were carefully investigated. The absorbance of Ru(II) 

complex portion at 503 nm is much stronger than that of the Fe(II) complex portion at 580 nm, 

attributed to the stronger π-conjugated of ligand (L0) to the Ru(II) metal ions than to Fe(II) metal ions. 

The obtained PolyRuFe/PB ECD incorporating of the gel-type electrolyte based on PMMA not only 

eliminates the leakage drawback of the liquid-typed electrolyte, but also exhibits the panchromatic 

feature with well optical change of 52.7, 46.9, and 28.0% at 503, 580 and 690 nm, respectively. 

Moreover, the outstanding response time less than 0.5 s could be observed at 503 nm and 580 nm for 

both coloring and bleaching, it shows the advantage of the MEPE-based films completely. In addition, 

the three-step values of the coloration efficiency could be observed owing to the different redox 

potential between Fe and Ru. Ru(II) is much easier to reduce than Fe(II) so that Ru(II) was reduced 

first when applying higher range of potential bias (0.9 ~ 1.7 V); while major part of Fe(II) was reduced 

when applying lower range of potential bias (0.6 ~ 0.9 V); the large absorbance change at 690 nm 

when applied potential bias from 0.6 to -1.3 V. To scientifically evaluate the color change of ECD 

occurring on electrochemical switching, the ECD was also subjected to colorimetric analysis by the 

CIE 1931 system of colorimetry. Only 10.3% and 10.4% decays, corresponding at 580 and 690 nm 

respectively, were observed in the PolyRuFe/PB ECD after 200 continuous cycles at bleaching (2.2 

V) and coloring (-1.3 V) voltages with an interval time of 10s. Much more decay could be observed 

at 503 nm, which is attributed to the poor memory effect of PolyRu. Compared to this result, the 

PolyRuFe-MWCNT exhibits longer memory effect than bare PolyRuFe. PolyRuFe-MWCNT 

remained 75%, 59% and 42% of their initial saturated bleaching state at 503 nm after 50, 100 and 

200 s, respectively. It is expected to improve the long term stability of PolyRu in ECD by enhancing 

its memory effect.  

 

 

 

  



doi:10.6342/NTU20180260755 
 

Chapter 4 

N-methylphenothiazine Derived Ionic Liquid as Redox Couple with 

Phenyl Viologen for ECD 

4.1 Introduction 

Since initial discovery in 1914, ionic liquids (ILs) have been widely researched in multiple 

chemistry disciplines 104. Due to their unique properties, ILs have been investigated as potential 

electrolytes for application in electrochemical devices including lithium ion batteries 105-107, fuel cells 

108-109, and solar cells 110-112. As liquid salts, ILs are usually composed of an organic cation and an 

organic or inorganic anion, and they are dominated by strong electrostatic forces between their 

molecular ions 113. The key properties that ILs offer is good chemical and electrochemical stability, 

low volatility, non-flammability, and high ionic conductivity. These make them potentially ideal as 

solvents and electrolytes. One of the attractive characteristics of ILs in organic synthesis is that the 

structures with the cationic or anionic components can be modified according to various requirement, 

so that they can be utilized in different applications. Recently, increasing attention has been focused 

on the use of ionic liquids as a means of immobilizing redox couples 114-116. For examples, Forgie et 

al. synthesized the electroactive ionic liquid based on ferrocene and its electrochemical properties 

were investigated for the lithium-ions battery 117. Zhang et al. reported on iodine-free redox couple, 

imidazolium functionalized TEMPO, for dye sensitized solar cell 118. Gelinas et al. demonstrated an 

electrochromic device that uses ethyl viologen and ferrocene-based redox ionic liquids ([FcNTf]-) as 

the electroactive species 119. 

Phenothiazine-based groups are a class of important heterocycles and widely used as common 

building blocks for the synthesis of pharmaceuticals 120. Recently, several researchers aim to 

investigate phenothiazine-based group for applications in various electronic and electrochemical 

devices since they are good electron-donor and hole transport materials due to the presence of 

electron-rich sulfur and nitrogen heteroatoms 49. For electrochromism, N-methylphenothiazine (NMP) 

exhibits noticeable color change in visible region and good cycling stability 50. Up to now, only few 
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research that proposed anodically coloring ionic liquid could be found. In this chapter, we first 

synthesized the imidazolium ionic liquid composed of NMP. NMP-based ionic liquid (NMP-IL) 

combines the both advantages of NMP and ionic liquid that shows high optical change and good 

stability. Moreover, the NMP-IL exhibits the unique purple color (575 nm) owing to the assembling 

carbon chain on the NMP. 

Among all of EC material, viologens draw much attention for their desirable optical contract and 

stability 121-123. In order to investigate the electrochromism of NMP-IL in electrochromic device. We 

fabricated the solution-typed ECD composed of NMP-IL and Phenyl viologen (PV). In general, PV 

shows three states, including PV2+ (dicaiton state, colorless), PV+• (radical cation state, green) and 

PV0 (neutral state, light brown). However, only the reaction between PV2+ and PV+• is favored 

because PV0 would accelerate the aging process through crystallization and side reaction, also called 

comproportionation 124. Another aging process in viologen system is aggregation. The PV+• generated 

upon reduction tends to aggregate on the surface of electrode due to lack of solubility 125-126. 

According to literature 52, 57, retardation of the diffusion rate of the viologens could decrease the 

aggregation of PV+•. Also, the incorporation of the redox couple into the ECD to improve the stability 

through the formation of PV+• agglomerates. Following these two strategies, decreasing of the 

diffusion rate and incorporating the redox couples by adding NMP-IL had been regarded as a feasible 

way. 
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4.2 Results and discussion 

In this section, the structure of NHP-OH, NMP-OH, NMP-Br and NMP-IL were confirmed by 

1H NMR, 13C NMR and mass spectrometry first. DMSO-d6 was utilized as d-solvent in 1H NMR and 

13C NMR for characterization of all products. The obvious peak of products all located on 2.49 and 

39.5 ppm in 1H NMR and 13C NMR, respectively was the signal of DMSO-d6. Further, the peak 

located on ca 3.3 ppm was water. 

 

4.2.1 Characterization of NHP-OH by 1H NMR, 13C NMR and mass spectrometry 

The structure of NHP-OH was confirmed by 1H NMR, 13C NMR and mass spectrometry 

presented in Fig. 4-1, Fig. 4-2, Fig. 4-3, respectively. In Fig. 4-1, the peaks located on 8.9 and 8.2 

ppm are the signals of hydroxyl group and secondary amine on the NHP-OH, respectively and 7 peaks 

located on 6.4~7 ppm belong to other hydrogens on the benzene rings of NHP-OH. In Fig. 4-2, 11 

obvious peaks can be observed on 13C NMR spectrum. Among 12 carbon of NHP-OH, only carbon j 

and k show the similar signal, overlapping at 114 ppm, owing to the asymmetric structure of NHP-

OH. For mass spectrometry, shown in Fig. 4-3, the main molecular weight of 215.04 can be observed, 

which is exactly match of predict molecular weight of NHP-OH. It indicates that we have successfully 

synthesized NHP-OH via thionation. 
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Fig. 4-1 1H NMR spectrum of NHP-OH. 

 

 

Fig. 4-2 13C NMR spectrum of NHP-OH. 
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Fig. 4-3 Mass spectrum of NHP-OH. 
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4.2.2 Characterization of NMP-OH by 1H NMR, 13C NMR and mass spectrometry 

The structure of NMP-OH was confirmed by 1H NMR, 13C NMR and mass spectrometry 

presented in Fig. 4-4, Fig. 4-5, Fig. 4-6, respectively. In Fig. 4-4, the peak at 9.0 which belongs to 

secondary amine of NHP-OH disappeared, and the new peak at 3.2 ppm generated, attributed to the 

methyl group of tertiary amine. In addition, the peaks of the hydroxyl group and seven hydrogens on 

NMP-OH were intact and clear, indicating that we had successfully synthesized the NMP-OH by the 

methylation reaction. For 13C NMR, the thirteen peaks can be observed at totally different position 

corresponding to asymmetric NMP-OH. In Fig. 4-6, the accurate molecular weight was measured by 

mass spectrometry, imply the high purity of NMP-OH. 

 

 

Fig. 4-4 1H NMR spectrum of NMP-OH. 
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Fig. 4-5 13C NMR spectrum of NMP. 

 

 

Fig. 4-6 Mass spectrum of NMP-OH. 



doi:10.6342/NTU20180260762 
 

4.2.3 Characterization of NMP-Br by 1H NMR, 13C NMR and mass spectrometry 

The structure of NMP-Br was confirmed by 1H NMR, 13C NMR and mass spectrometry, shown 

in Fig. 4-7, Fig. 4-8, Fig. 4-9, respectively. The NMP-Br is produced by reacting NMP-OH and 1, 4-

dibromobutane. For this reason, the hydroxyl group at ca 9 ppm is the target to judge if the substitution 

reaction occurs. In 1H NMR, the peak located at ca 9 ppm, which belongs to hydroxyl group, 

disappeared and the peaks of number 9, 12, 11, 10 generated belonging to hydrogens on 4-

bromobutoxy, implying the NMP-Br was synthesized successfully. Compared to 13C NMR spectrum 

of NMP-OH, extra four peaks (n, o, p and q) of secondary carbon could be observed, attributed to the 

4-bromobutoxy, presented in Fig. 4-8. Further, the seventeen peaks could be observed at totally 

different position corresponding to asymmetric NMP-Br. In Fig. 4-9, two peaks almost same tall could 

be observed owing to the two stable isotopes of bromine, 79Br and 81Br, resulting the two close values 

of molecular weight.  

 

 

Fig. 4-7 1H NMR spectrum of NMP-Br. 
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Fig. 4-8 13C NMR spectrum of NMP-Br. 

 

 

Fig. 4-9 Mass spectra of NMP-Br 
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4.2.4 Characterization of NMP-IL by 1H NMR, 13C NMR and mass spectrometry 

The structure of NMP-IL was confirmed by 1H NMR, 13C NMR and mass spectrometry, shown 

in Fig. 4-10, Fig. 4-11, Fig. 4-12, respectively. In addition, the 1H NMR, 13C NMR and mass spectrum 

described the same results of NMP-IL-Br and NMP-IL owing to their similar structure, except anions. 

Therefore, we directly presented the results of our target product, NMP-IL. In Fig. 4-10, the 

hydrogens of number 12 and 11 were the crucial aims to confirm whether NMP-Br and 1-

butylimidazole reacted completely. Compared to 1H NMR spectrum of NMP-Br, shown in Fig. 4-7, 

it was found the shift of number 12 hydrogen (from 3.6 to 4.2 ppm) and number 11 hydrogen (from 

1.9 to 1.2 ppm) of NMP-IL, indicating the ionization reaction occurred. For 13C NMR spectrum, the 

signal of carbons of 1-butylimidazole could be observed significantly. Furthermore, only twenty-two 

peaks were able to obtained owing to the symmetry structure of imidazole, which exhibited the same 

position between carbon s and t located at 122.4 ppm; carbon u and q located at 48.6. In Fig. 4-12, 

the precise molecular weight excluding anion was measured via mass spectrometry. In consequently, 

the high purity and qualify of NMP-IL enable to be evaluated from these results. 

 

Fig. 4-10 1H NMR spectrum of NMP-IL. 
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Fig. 4-11 13C NMR spectrum of NMP-IL. 

 

 

Fig. 4-12 Mass spectra of NMP-IL. 
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4.2.5 Characterization of NMP, NMP-Br and NMP-IL in a three-electrode system 

4.2.5.1 CVs of NMP, NMP-Br and NMP-IL 

 The cyclic voltammogram (CV) used to study the relationship between the redox reaction and 

applied potential of the NMP, NMP-O-4C and NMP-IL were performed in a three-electrode system. 

In the solution, 0.03 M NMP, NMP-O-4C and NMP-IL respectively were dissolved in PC also 

contained 0.1 M TBABF4. The CV was carried out at a scan rate of 100 mV/s, as shown in Fig. 4-13. 

 Upon the variation of the potential bias, the current density increased or dropped significantly at 

certain potentials, indicating the occurrence of each redox reaction. The redox reactions of NMP, 

NMP-O-4C and NMP-IL could be expressed as Eq. (4-1), Eq. (4-2) and Eq. (4-3), respectively. 

 

NMP ↔ NMP+• + e-                           (4-1) 

(colorless)     (red) 

NMP-Br ↔ NMP-Br+• + e-                          (4-2) 

(colorless)     (purple) 

NMP-IL ↔ NMP-IL+• + e-                          (4-3) 

(colorless)     (purple) 

 

At the time when the potential bias was larger than the peak potential at 0.563, the NMP-IL 

would be reduced to NMP-IL+•, electrodeposited on the ITO substrate, and it leads a color variation 

from colorless to purple. The oxidation, reduction and formal potential of NMP, NMP-Br and NMP-

IL are collected in Table 4-1. Compared the others, NMP-IL shows the smaller current density. This 

phenomenon could be observed at the TEMPO-based ionic liquid. 
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Fig. 4-13 CV of 0.03 M NMP, NMP-Br and NMP-IL in ACN at a scan rate of 100 mV/s in a three 

electrode system.  

 

Table 4-1 Redox potential of 0.03 M NMP, NMP-Br and NMP-IL in ACN (vs. Ag/Ag+). 

Redox couples E

p

,

a

 

(

) 

Ep,c (V) ΔE (V) E0’(V) 

NMP 0.62 0.302 0.318 0.461 

NMP-Br 0.483 0.201 0.282 0.342 

NMP-IL 0.563 0.162 0.401 0.363 
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4.2.5.2 UV-Vis absorbance spectra of NMP, NMP-O-C, NMP-Br and NMP-IL 

On the other hand, UV-Vis absorbance spectra of 0.03 M NMP, NMP-O-C, NMP- Br and NMP-

IL in ACN contained 0.1 M TBABF4 with maximum absorbance are shown in Fig. 4-14. Based on 

the results of CV, it indicates the different potential window of NMP, NMP-Br and NMP-IL; therefore, 

when the potential bias reached 0.9, 0.7 and 0.8 V, the maximum absorbance of NMP, NMP-Br and 

NMP-IL could be observed. For NMP, it demonstrates high optical change at 520 nm. However, the 

NMP-Br and NMP-IL both exhibit the main absorbance change at around 575 nm. Compared this 

result, 3-methoxy-10-methyl-phenothiazine (NMP-O-C) that was synthesized to confirm the effect 

of carbon chain for NMP and the structure of NMP-O-C is shown in Fig. 4-15. It is found that 

absorbance peaks of NMP-O-C, NMP-Br and NMP-IL are the same at around 575 nm. A possible 

explanation for this result that cause a shift of absorbance is the molecular structure change from open 

ion-radical to hindered ion-radical 127, attributed to the graft of substituents on the NMP. 

Based on the results of CV and absorbance spectra, the basic electrochromism of NMP-IL was 

investigated. It was known that it still demonstrated a large optical contrast and reversible redox 

reaction upon grafted on ionic liquid. 
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Fig. 4-14 UV-Vis absorbance spectra of 0.03 M NMP, NMP-O-C, NMP-Br and NMP-IL with 

maximum absorbance in ACN.  

 

 

 

Fig. 4-15 The structure of 3-methoxy-10-methyl-phenothiazine (NMP-O-C). 
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4.2.6 Characterization of NMP-IL/PV ECD 

4.2.6.1 CV of NMP-IL/PV ECD 

Fig. 4-16 shows the cyclic voltammogram (CV) of the proposed NMP-IL/PV ECD, performed 

in a two electrode system. One set of well-defined and reversible redox peaks can be observed for the 

NMP-IL/PV ECD, with an anodic peak at 1.08 V and a cathodic peak at 0.70 V. The redox peak is 

attributed to the simultaneous redox reactions of NMP-IL and PV. Redox reactions of NMP-IL and 

PV can be presented by Eqs. (4-4) and (4-5). Combining these two reactions, the overall reaction of 

ECD is shown in Eqs. (4-6). 

 

                         NMP-IL  ↔  NMP-IL+•  +  e–                       (4-4) 

(colorless)     (purple) 

                         PV2+  +  e–  ↔  PV+•                              (4-5) 

(colorless)        (green) 

                       NMP-IL + PV2+ ↔ NMP-IL+• + PV+•                     (4-6) 

(colorless)        (dark green) 

 

In Fig. 4-16, the nonzero current density could be observed when the potential is at 1.4 V, 

implying the recombination reaction of NMP-IL+• and PV+• occurs. In general, the onset potential 

(Eonset) is defined as the potential at which the current density reached 10% of the peak current density. 

After the applied potential bias reached the Eonset, which is 0.71 V for the NMP-IL/PV ECD, NMP-

IL is oxidized to NMP-IL+• and PV2+ is reduced to PV+• onto the working electrode and the counter 

electrode, respectively, at the same time. Thereafter, a part of NMP-IL+• and PV+• would diffuse and 

migrate from the surface of ITO electrode back to the bulk electrolyte, and then NMP-IL+• and PV+• 

do the redox reaction, forming the NMP-IL and PV, spontaneously. It is defined as recombination 

reaction and nonzero current density could be explained at the potential bias of 1.4 V. 



doi:10.6342/NTU20180260771 
 

 

Fig. 4-16 CV of NMP-IL/PV ECD with 0.1 M TBABF4 in PC at a scan rate of 100 mV/s. 
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4.2.6.2 UV-Vis absorbance spectra of NMP-IL/PV ECD 

In order to investigate the electrochromic properties of the ECD, UV-visible (UV-vis) spectra of 

the NMP-IL/PV ECD was measured under various applied voltages between 0 and 1.3 V, shown in 

Fig. 4-17. At 0 V, also open-circuit voltage (OCV), the ECD shows absorbance in the full visible 

region. When the applied voltages bias over 0.6 V, three obvious peaks at 430, 575 and 710 nm could 

be observed. The increments at 430 and 710 nm are mainly attributed to the PV. Another absorbance 

variation arises around 575 nm is resulted from both the coloring attribution of NMP-IL and PV. 

 

Fig. 4-17 UV-Vis absorbance spectra of NMP-IL/PV ECD at various potential biases from 0 to 1.3 V. 

 

4.2.6.3 Dynamic transmittance responses at 430, 575 and 710 nm for NMP-IL/PV ECD 

Since NMP-IL/PV ECD shows the mainly absorbance change at 430, 575 and 710 nm, the 

transmittance change of the ECD at these specific wavelengths during voltage switching were studied. 

Fig. 4-18 shows the dynamic transmittance responses for NMP-IL/PV ECD with 10 s interval time. 

Besides, switching between 0 and 1.3 V, the proposed ECD demonstrated largest transmittance 
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change that could be obtained. Therefore, we choose 0 and 1.3 V as Vb and Vc, respectively. The data 

of the tb, tc and ∆T of the proposed ECD are collected in Table 4-2. 

As presented in Fig. 4-18 and Table 4-2, NMP-IL/PV ECD at each wavelengths exhibit both 

coloring times and bleaching times shorter than 4 s. Moreover, the transmittance change of 63.7% 

and 54.5% at 430 and 710 nm can be observed respectively, attributed to the PV. The color-reinforcing 

effect is achieved at 575 nm, which has the highest ΔT value of 69.2% attributed to the NMP-IL and 

PV. 

 

Fig. 4-18 Dynamic transmittance responses at 430, 575 and 710 nm for NMP-IL/PV ECD performed 

with a potential step between 0 and 1.2 V. 
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Table 4-2 Dynamic transmittance response of the NMP-IL/PV ECD. 

λ (nm) t

b

 

(

)a 

t

c

 

(

)a 

Tb (%)b Tc (%)b ΔT (%) 

430 3.7 1.3 65.9 2.2 63.7 

575 3.1 1.8 75.3 6.1 69.2 

710 3.5 2.2 75.4 20.9 54.5 

a bleaching time (tb) and coloring time (tc) are defined as the time required to reach 95% ΔT ; 

b Transmmitance at bleaching state (Tb) and transmmitance at colored state (Tc) 

 

4.2.6.4 Coloration efficiency of NMP-IL/PV ECD 

The relationship between the optical density change (ΔOD) at the 575 nm, which shows color-

reinforcing effect, and the injected charge density (Qd) of the NMP-IL, PV and NMP-IL/PV ECD is 

presented in Fig. 4-19. The calculated charge densities were based on the integration of the measured 

current densities against the time (up to a fixed interval time of 10 s). The coloration efficiency (η) 

was calculated from the slope of the curve from 0.6 to 1.1 V.  

The coloration efficiency was calculated to be 171 and 296 cm2/C of NMP-IL and PV at 575 nm, 

repsectively. The coloration efficiency of the solution-typed EC materials can be calculated according 

to the previous literature. Namely, we set Od as the difference of the measured current density (jmea) 

and the recombination current density (jrec), resulting the coloring current density (jcol) which is closer 

to the intrinsic charge required to darken solution-typed EC materials. Consequently, the coloration 

efficiency was calculated to be 531 cm2/C of NMP-IL/PV ECD at 575 nm. This value is much larger 

than the normal value of viologen-based ECD incorporating with ferrocene as redox couple. The 

advantage of complementary ECD is revealed upon the addition of coloration efficiency from 

individual coloring EC material, NMP-IL and PV. In addition, the dramatic coloration efficiency of 

NMP-IL/PV ECD shows the thorough reaction between NMP-IL and PV. It suggests that NMP-IL is 

an attractive candidate for electrochromic redox couple. 
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Fig. 4-19 The relationship between the optical changes and the coloring charge density for 10 s of 

NMP-IL, PV and the NMP-IL/PV ECD at different potential biases. 
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between coloring and bleaching state at 430, 575 and 710 nm are shown in Fig. 4-20. To qualify the 

long-term stability, the remained ΔT% after n cycles (ΔTn) of the proposed ECD are collected in Table 

4-3. 

As shown, exceptional stability that remained around 95% after 4000 cycles can be observed for 
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the bleaching state. Beyond expectations, the aggregation of PV+• seen to be improved after 4000 

cycles. The retentions of the NMP-IL/PV ECD are 92.0, 96.2 and 97.8 at 430, 575 and 710 nm 

respectively after 10,000 cycles. It indicates the NMP-IL is highly stable new electrochromic material 

and suitable for viologen systems owing to good reversibility as redox couple. 

 

Fig. 4-20 Long-term stability of the NMP-IL/PV ECD. 

 

Table 4-3 Long-term stability of the NMP-IL/PV ECD. 

λ (nm) ΔT ΔT1000 (%) ΔT2000 (%) ΔT4000 (%) ΔT10000 (%) 

430 63.7 90.1 85.2 84.5 92.0 

575 68.5 99.7 98.7 94.9 96.2 

710 54.1 96.1 93.2 90.8 97.8 
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4.2.6.6 Images of NMP-IL/PV ECD 

The images of NMP-IL/PV ECD at both coloring and bleaching states are presented in Fig. 4-

21. As mentioned previously, the color of ECD tends to dark green.  

 

  
Fig. 4-21 Images of NMP-IL/PV ECD at coloring state (1.2 V) and bleaching state (0V). 

 

As a conclusion, there are few literatures collected in Table 3-7 that proposed the ECDs 

containing redox couple-based ILs, including TEMPO and Fc. However, barely optical change could 

be found of these redox couple during redox reaction. As presented, the proposed NMP-IL/PV ECD 

exhibited higher optical contrast (69.2 %) and well long-term stability (> 10,000 cycles) at 575 nm 

compared to others. The operating potential bias (1.2 V) and switching time (3 s) are also desirable. 

 

Table 4-4 A partial list of literatures on the EC performance of ECDs containing redox couple-based 

ILs. 

ECD 
Vb/Vc 

(V) 

tb/tc  

(s) 

ΔT  

(%) 

R (%) 

(nth cycle) 
Ref. 

PProDOT-Et2/TILBF4
a 1.0/-1.0 4.0/3.6 62.2 98 (1000) 128 

[FcC11VC1]
b[TFSI]2 0/1.0 - 21 - 129 

[FcNTf]c/[EV]/IL 0/2.0 5.5/9.5 38.8 94.8 (1000) 119 

NMP-IL/PV 0/1.2 3.1/1.8 69.2 96.2 (10000) Chapter 4 

a 1-butyl-3-{2-oxo-2-[(2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl)amino]ethyl}-1H-imidazol-3-ium 

tetrafluoroborate.  
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b 1-(11-Ferrocenylundecyl)-1’-methyl-4,4’-bipyridinium  

c ferrocenylsulfonyl(trifluoromethylsulfonyl)imide. 

 

4.3 Conclusions 

This is the first study for synthesizing the NMP-based IL. Furthermore, the immediate products 

and final product, NMP-IL, are all confirmed by 1H and 13C NMR and the electrochromic properties 

are investigated carefully. The strong optical contrast of NMP can be observed at 520 nm. When the 

functional groups graft on the benzene, the obvious absorbance change to 575 nm is found. It is 

explained that molecular structures changes from open ion-radical to hindered ion-radical. Namely, 

the planar structure of NMP convert into NMP-IL which belongs to hindered system. To further 

realize electrochromism and stability of NMP-IL, the NMP-IL/PV ECD is fabricated. The NMP-

IL/PV ECD exhibits largest transmittance change of 69.2% and desirable coloration efficiency of 531 

cm2/C at 575 nm, which is contributed to the overlap of both coloring material. Moreover, the short 

switching times of less 4s and good long-term stability (remained 92%, 96.2% and 97.8% of its 

original ΔT after 10,000 cycles at 430, 575 and 710 nm respectively) is obtained. For all the merits 

mentioned above, the NMP-IL possess potential to be applied in the wide potential window systems. 
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Chapter 5 

Conclusions and Suggestions 

5.1 General conclusions 

In this thesis, we demonstrated two totally different ECDs, one is thin-film typed ECD based on 

MEPE and PB, another is solution-typed ECD composed of NMP-IL and PV. Our studies feature in 

two different aspects, fabricating a panchromatic ECD composed of PolyRuFe, and synthesizing the 

new class of anodically coloring material, NMP-IL. 

In chapter 3, a complementary PolyRuFe/PB ECD was fabricated. The idea of using PolyRuFe 

and PB is because these two EC materials can provide different wavelength of absorbance change, 

namely, the panchromatic characteristic can be observed to the PolyRuFe/PB ECD. Furthermore, we 

investigated the relationship between long-term stability of PolyRuFe/PB ECD and memory effect of 

PolyRuFe thin film. To increase memory time of PolyRuFe, the MWCNTs were incorporated with 

PolyRuFe. This strategy is utilizing the adsorption of ClO4
- by acid treated MWCNTs, remaining the 

longer memory time of PolyRuFe at the bleaching state. 

In chapter 4, we first synthesized the NMP-based ionic liquid. It is found that the absorbance 

change at 520 nm of NMP shift to 575 nm after grafting the carbon chain onto benzene, forming 

NMP-IL. It is explained that molecular structure of NMP changes from open ion-radical to hindered 

ion-radical. Moreover, we fabricated the NMP-IL/PV ECD to investigate the electrochromic 

performance of NMP-IL in the ECD. The NMP-IL/PV ECD exhibits large transmittance change, the 

short switching time and desirable coloration efficiency, which is contributed by both coloring EC 

materials. Good long-term stability is also observed, indicating NMP-IL is a potentially coloring EC 

material. 
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5.2 Suggestions 

5.2.1 Suggestions for Chapter 3 

In chapter 3, we discussed the relationship between long-term stability of PolyRuFe/PB ECD 

and memory effect of PolyRuFe thin film. It is observed that PolyRuFe-MWCNT thin film shows the 

longer memory time owing to the adsorption of ClO4
- by acid treated MWCNTs. According to 

literature, the double-walled CNTs exhibit the better ability of ClO4
- adsorption than MWCNTs due 

to the introduction of more oxygen-containing functional groups, which served as additional 

adsorption sites. It’s expected to introduce the DWCNTs in MEPE system for improving the long-

term stability via enhancing the memory effect.  

As mentioned before, the oxidative pretreatment is the most crucial step while fabricating the 

MEPE-based ECD. However, there is rare redox couple can oxidize PolyFe(II) or PolyRu(II) due to 

their high redox potential. Recently, we found that 1, 4-dimethoxybenzene exhibits the higher redox 

potential than common redox couples utilizing in electorchromic field, including TEMPO, ferrocene, 

TMPD and NMP. Thus, 1, 4-dimethoxybenzene is considered to be a potential redox couple for 

pretreating the PolyRuFe. 

 

5.2.1 Suggestions for Chapter 4 

In chapter 4, NMP-IL shows the various advantages of electrochromism, including high optical 

change, fast response time and good stability. As a new anodically coloring material, it is suitable to 

fabricate the ECD composed other cathodically EC materials. In order to test the EC stability of NMP-

IL in the severe condition, it is suggested to incorporate with EC materials having wide potential 

window, like PolyCo.  

Further, we found that the redox peak of NMP changes to lower potential when the functional 

groups grafting on its benzene, including NMP-OH, NMP-Br and NMP-IL. Their redox potential is 

similar to NiHCF, which is the well-known ion storage layer. It is considered to fabricate the low-

driving voltage ECD (less than 0.4 V) composed NiHCF and NMP-based redox couple. 
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