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Abstract 

Electrochromic materials (ECMs) can change their color with changes of applied 

electrochemical potential. Currently, the use of ECMs in the industry is limited to mainly 

inorganic metal oxides, conjugated conducting polymers, and liquid crystal-based 

materials. Hybrid metal-organic materials belong to a relatively new class of ECMs that 

offer exciting properties of extended stability, great color variability and the highest 

coloration efficiencies in the area. Metal–ligand coordination adducts offer reliable metal-

centered redox behavior and intense redox-dependent colored states. So far, terpyridine 

(tpy) ligands were mainly explored as coordinating ligands for polymeric ECM design. In 

this work, tpy-based unit was applied as a coordinating moiety for ECMs design, and well-

defined tpy-metal complexes were deposited on the porous conductive supports in a 

monolayer fashion. The resulting materials demonstrated superior performance, including 

redox stability, long-term switching durability, ultra-high coloration efficiencies, and high 

differences in optical density. The structural changes to the coordination complexes leads 

to multiple accessible colored states (purple, blue, green, red, pink, orange, and yellow). 

Furthermore, mixing together isostructural metal complexes with different metal centers 

provides access to materials featuring multiple color-to-color transitions in one single 

electrochromic layer. Therefore, this work highlights that the monolayers of tpy-based 

coordination complexes embedded into the transparent conductive oxide supports are 

viable candidates for ECM design, and the versatility of this approach to create ECMs with 

tunable colors, programmed properties and superior long-term durability is demonstrated. 

Keywords: electrochromic materials; terpyridine; metal-organic complexes; 

spectroelectrochemistry; surface-confined monolayers;  
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Chapter 1. Introduction 

1.1 Electrochromic Materials 

Modern society currently faces a divide, in which there is a desire for new and 

appealing technologies but also a need to develop materials that reduce our carbon footprint 

to prevent climate change. “Smart” materials can meet this request. Smart materials could 

be defined as materials that respond to external stimulus as a result of intrinsic properties 

of the material.1 Electrochromic materials fall in this type of “smart” materials, which are 

materials that change color as a function of the applied voltage. ECMs experiencing a color 

change due to applied voltage potential is a phenomenon that occurs through electron 

transfer in redox reactions.2-3 While seminal ECMs date back to the nineteenth century,4 

their popularity is now quickly growing as the desire for smart technology increases.5  

ECMs, as well as liquid crystal displays (LCDs), are sometimes referred to as passive 

materials because they do not emit light and require additional illumination to view the 

material (e.g. a lamp or daylight). This makes them distinctly different from emissive 

displays such as light-emitting diodes (LEDs) and cathode-ray tubes (CRTs). However, 

there is still a high demand for these passive materials for a wide range of applications. For 

example, for reusable advertising boards. With the correct design, ECMs require very 

minor energy input to experience the colored transition and have no significant size limits, 

and that is a significant improvement when compared to LCDs.6 Therefore, ECM 

applications include antiglare mirrors, smart windows, and battery charge indicators.2 

Memorable ECM applications are smart window design on the Boeing 787 Dreamliner 

airplane and the Ferrari 575M Superamerica car. In the aircraft, passengers are able to 

transition the window from opaque to transparent, translucent and back using low applied 

potentials, eliminating plastic window shades. When used in building windows, the ECMs 

control the heat flow into the building.4, 7-8 Moreover, with further research and 

development, ECMs have the potential for applications for camouflage materials, 

chameleon fabrics, reusable labels, and light displays for optical information storage, just 

to name a few.2 Currently, the implementation of ECM into industry has been limited by 

high processing costs and a need for high efficiencies with regards to color changes, 

stability, and fast switching (vide infra).3, 5  
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1.2 Electrochromic Properties 

It is not enough for a material to experience electrochromism for it to be commercially 

applied. Rather, it should meet a certain set of characteristics including high difference in 

optical density between the states, coloration efficiency, redox stability, and cycle life.2, 9 

The change in optical density (ΔOD) is the difference in the optical density between two 

colored states, normally colored (“on”) versus bleached (“off”). To evaluate ΔOD, the 

absorbance at the same wavelength (λ) is compared through the ratio in Equation 1.1, and 

is presented as a percent (%) value where Tb and Tc are the corresponding bleached and 

colored transmittances. 

Equation 1.1) 𝛥𝑂𝐷 = 𝑙𝑜𝑔 (
𝑇𝑏

𝑇𝑐
) 

Normally, λ is selected as that which gives the largest color difference, and is the redox 

dependent absorption.7, 10 The best optical change would be 100%, however very few 

ECMs have achieved more than 80%.11 The coloration efficiency (η) represents the ease of 

the color change process and is calculated using Equation 1.2 where Q (in C/cm2) is the 

injected charge per area during the color change process, giving η in cm2/C.7, 10 

Equation 1.2) 𝜂 =
𝛥𝑂𝐷

𝑄
 

Typically, larger values of coloration efficiency reflect ECMs with faster electronic 

switching and better durability, because it requires less charge for an effective color 

change.3 Because both ΔOD and Q are time-dependent parameters, the magnitude of η can 

be calculated from the slope of a ΔOD versus Q plot. This has the same shape as a 

logarithmic function, and η is calculated as the slope of the initial linear region.10 The redox 

stability represents how stable the materials is and how reversible the electron transfer 

process is. The cycle life of the material includes redox stability with other degradation 

factors like bench top stability, light stability, etc.11 The durability of the ECM is generally 

tested by application of multiple redox cycles, and reporting the loss of the optical density 

or coloration efficiency over time.3, 9 

For effective commercialization of the ECMs, many other parameters can be critical 

and often have to be tailored to fit the particular application. For example, a color display 

requires a fast response time whereas an electrochromic window can experience a slow 

color-to-color transition.2 Response time is the time required to reach a designated 
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percentage of the maximum or minimum coloration at the λ being observed, typically 90 

or 95%. These are reported as the coloration time (tc) and bleaching time (tb).
12-13 The 

switching time is influenced by the ease of intercalation and removal of ions into the ECM, 

and thereby is correlated to η. Furthermore, the response times are also impacted by the 

material’s electrical resistance and conductivity, the electrolyte composition, and the 

counter ion’s diffusion rate.8, 14 

Another interesting parameter is optical memory, which is the time for the material to 

hold one colored state over the other when no external potential is applied.7, 15 This is 

important because without the ability to hold either colored state in an open circuit, 

application of external voltage is required to maintain at least one of the modes. However, 

the system may only need a periodic pulse to maintain that state. This effect occurs because 

one redox state can be more energetically favorable over the other, therefore the ECM will 

transition back to the favored state with time.7 

The color of the ECM is often outlined using the International Commission on 

Illumination (CIE)’s L*a*b coordinates, which is a mapping of the color space of the 

material. It is represented by L* for lightness, and a* and b* for the color dimensions. More 

specifically, L* = 0 is black, L* = 100 is diffuse white, -a* value is indicative of 

green/white, +a* is indicative of red/magenta, and b* is a scale from blue (-b*) to yellow 

(+b*).8-9, 16 While L*a*b is regularly used, other systems (like rgb and xyz) exist, and it is 

possible to interconvert between the systems. L*a*b is impacted by lighting conditions.9 

1.3 Electrochromes 

There are many different classes of electrochromic systems (electrochromes) that offer 

at least one colored and one bleached state. Each class of ECM brings to the table its 

advantage and limitations.17 One of the first well-studied classes of the electrochromic 

systems is based on metal oxides, for example, tungsten oxide (WO3). It remains the most 

widely explored ECM. The detailed mechanism of electrochromic behavior is still debated, 

but can be summarized by Chemical Equation 1.1 where H+ can alternatively be Li+, Na+, 

or K+.2, 4, 11  

Chemical Equation 1.1)  
WO3 + x(H+ + e−)

colorless
=

HxW(1−x)
VI Wx

VO3

blue
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WO3 is attractive because it has high bandgap semiconducting properties due to it being a 

d0 material. It was first reported as a color-changing electrode coating in 1930, where it 

changed from colorless to deep blue in an aqueous environment.2 Since that time, further 

metal oxides have become popular, such as nickel, vanadium, and iron, just to name a few. 

The color change for metal oxides occurs due to intervalence charge transfer transitions 

(IVCT), which is the transfer of electrons between adjacent metal centers.2 Metal oxides 

continue to be desirable ECMs due to their high changes in optical density (∆OD) and good 

cyclic stability attributed to its porous structure, but have very limited available colors and 

have relatively low coloration efficiencies. For example, ∆OD of 80 to 97.7% at 633 nm 

for WO3, which is attributed to its porous structure, with η of 120 cm2/C and almost no 

change to ∆OD after 300 switching cycles.5, 11, 18 Unfortunately, the processing cost of the 

WO3 materials is unfavorably high, which is a result of vacuum processing, opting for new 

materials for electrochromic design.5  

Conjugated conducting polymers are another highly explored class of ECMs. They 

offer a wide range of colors, significant coloration efficiencies and great changes in the 

optical densities, but often suffer from relatively low cycling stability. Many 

electrochromic conductive polymers contain aromatic motifs that contribute to the charge 

stabilization through a resonance via delocalized π-electrons.2, 19 Most conjugated organic 

systems are electron deficient, thus can be easily converted to p-doped conductive 

polymers. Creating n-doped conductive polymers is challenging because the required 

potentials are typically outside the useful range of common electrolytes.20 Common 

electrochromic polymers include pyrrole, thiophene, aniline (shown in Figure 1.1), and 

many other aromatic units.  

 

Figure 1.1) Structure of base monomer units of common conjugated conductive polymers. 

They are very popular due to their ease of synthesis, color tunability, and bench top 

stability. The color of the polymer can easily be altered by modifications of the monomer 

group. Poly[3,4-(ethylenedioxy)thiophene] (PEDOT) is a very common ECM because of 

its high conductivity and improved stability in the doped state.  
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Figure 1.2) Schematic structure of poly[3,4-(ethylenedioxy)thiophene]-polystyrene sulfonate (PEDOT:PSS). 

PEDOT, however, is highly insoluble, but is frequently coupled with polystyrene sulfonate 

(PSS) as the counter anion (Figure 1.2), making the polymer water-soluble, forming what 

is known as PEDOT:PSS.2 The η of polymeric ECM can range greatly, however a common 

value is near around 200 cm2/C, such as for PEDOT and polyaniline.12 Unfortunately, 

conjugated conducting polymers lack redox stability.5, 19 Their main advantage over 

inorganic electrochromes is higher η values, reduced cost, and ease of material tuneability.8 

Viologens are another well-known group of organic ECMs. These are the small organic 

molecules, such as quaternized 4,4’-bipyridine (Figure 1.3).2 

 

Figure 1.3) Coloration of methyl viologen as it changes with charge. 

Viologen-base electrochromes experience intense electronic and optical properties, 

including desirable electrochromic color changes ranging the visible spectrum, a result of 

the significant charge delocalization within the molecule upon quaternization that enable 

the stabilization of cation radical species which are brightly colored.2, 4, 21-23 Notably, a 

simple change of the alkylating agent allow easy reliable color tuning of the materials. 

Viologens are easily tunable, low-cost material that offer very good color purity.4, 24 

Solution-based electrochromic systems based on viologens are applied commercially by 

Gentex Corporation to manufacture automatic dimming mirrors called Night Safety Vision 

(NVS®). While the exact composition of the mirrors is protected by patents, they are 

known to host a viologen sandwiched between a layer of indium tin oxide (In2O3:SnO2, 

ITO) on glass surface, and a reflective and metallic surface, being spaced only a millimeter 

apart.2 In general, organic electrochromic molecules suffer from stability issues including 

ultraviolet (UV) light sensitivity, limiting their application in any device.3, 5, 11 

Inorganic coordination compounds (liquid dyes) are another class of ECM, such as the 

popular Prussian blue ([FeIIIFeII(CN)6]
-) that has intense blue coloration due to IVCT. Here, 
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the electrochemical reduction causes material bleaching while oxidation leads to a yellow 

color (Chemical Equation 1.2).2  

Chemical Equation 1.2)  
[FeIIIFeII(CN)6]2−

colorless
+ e− → 

[FeIIIFeII(CN)6]−

blue
+ e− →

[FeIIIFeII(CN)6]

yellow
 

When applied as ECM, the inorganic dyes suffer from stability issues.5, 11  

Metal-organic materials, or metal complexes, are an alternative and rapidly emerging 

class of ECMs. While the mechanism of chromophoric properties depends on the specific 

complex, there are main mechanisms to consider: d-d*, IVCT, metal-to-ligand charge 

transfer (MLCT), ligand to ligand charge transfer (LLCT), or ligand to metal charge 

transfer (LMCT).2, 25 The majority of existing metal-organic ECMs are based on static 

coordination, where the metal ion(s) are bound to the ligand(s). The oxidation state of the 

metal ion affects the energy transfer processes within the system and thus influences the 

color of the material.26 Furthermore, ligand nature is a very important factor to consider. 

Normally, strong field ligands lead to d-orbital splitting of the metal ions that results in 

bright colors of the formed complexes.27 MLCT and d-d* transitions are the common 

mechanisms responsible for the colored states of complexes formed by metal ions with 

partially filled d subshell. Metal ions with empty d subshell (d0) or filled d subshells (d10) 

normally lead to colorless complexes unless they are complexed with a ligand that 

undergoes the intramolecular charge-transfer transition.28 

 
Figure 1.4) Orbital diagram for metal-ligand adduct featuring MLCT and LC transitions. π-back bonding 

interactions are not shown.  

In MLCT processes, the ligand(s) donate a lone pair of electrons (σ orbitals) from a 

non-metal (e.g. nitrogen) to the metal’s center, and this is a very common mechanism of 

energy transfer in metallo-organic systems. In turn, the metal donates electron density into 

the open π* orbitals of the donor atom (Figure 1.4) resulting in very intense MLCT that 

strongly absorbs light in the visible region.27 Thus, these MLCT transitions are often 

responsible for bright colors of transition metal complexes. The MLCT process is 
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dependent on the oxidation state of the metal center, therefore one electron oxidization 

would often prohibit the MLCT, resulting in a loss of the chromophoric transition.26 This 

is observed as a bleaching of color, and ligand charge-transfer (ligand centered, LC) 

becomes dominant meaning the charge is stabilized on the ligands.5 With a suitable metal 

choice and ligand design, the process can be nicely reversible. The differences in charge 

are often resonance stabilized on the ligand. An additional reduction of the complex would 

reinstate the colored state.26 Due to the need for resonance stabilization, coordination 

complexes using aromatic nitrogenous ligands are suitable for ECM design. 

1.4 N-Heterocyclic Organic Ligands 

 

Figure 1.5) Aromatic nitrogenous donor ligands. 

Common N-heterocyclic organic ligands which are known to facilitate MLCT 

transitions include the families of phenanthrolines, porphyrins or polypyridines, for 

example 1,10-phenanthroline (phen), porphin, 2,2’bipyridine (bpy), and 2,2’:6’,2”-

terpyridine (tpy) (Figure 1.5).29 These are powerful building blocks for supramolecular 

structures in organic and inorganic chemistry, having the ability for noncovalent π-π 

stacking, directional hydrogen bonding, and well-studied coordination properties.29-31 The 

family of polypyridines ligands containing multiple pyridine ring experience chromophoric 

MLCT transitions and remarkable stability.32 These polypyridine ligands themselves are 

normally colorless but known to form very colorful adducts with a wide range of late 

transition metals.27 For example, bpy-based materials are widely represented in the 

literature as versatile building blocks for electrochromic assemblies, colorimetric metal ion 

sensors and many other “smart” chromogenic materials .33 Bpy-derivatives are known to 

form intensely chromophoric adducts with many transition metals, such as red with iron(II), 

orange with ruthenium(II), and green with osmium(II), forming the complex with general 

the formula [MII(bpy)3]
2+ where M is a metal.2, 33 While bpy complexes have demonstrated 

favorable electrochromic properties such as redox stability and intense color differences, 

separation of the diastereoisomers (fac or mer tris(bpy)) can be tedious.5, 34 
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2,2’:6’,2”-Terpyridine (tpy ligand) can be preferred to bpy for some applications. The 

main difference between bpy and tpy is that bpy has two donor nitrogen atoms per ligand 

(bidentate ligand), and tpy has three donor nitrogens atoms per ligand (tridentate ligand). 

They both can form octahedral geometric structures with d6 metals under mild conditions 

using chelation.32, 34-35 For example, tpy-derivatives form [MII(tpy)2]
2+ with iron(II), 

ruthenium(II), and osmium(II), as purple, red, and maroon complex, respectively, due to 

intense MLCT.36-37 Additionally, tpy experiences a weak d-d* transition with cobalt(II) 

observed as an orange color.36 The intensity of the MLCT absorption (could be quantified 

by the extinction coefficient, ε) is impacted by the ligand design and the nature of the metal 

center because the transition directly reflects the strength of the metal-to-ligand bonding.12, 

15, 36 Tpy ligands have a tendency to form bis-coordination adducts with late and middle 

transition metals in their lower oxidation states (2:1 metal to ligand stoichiometry). 

Therefore, it is easy to control and apply for growth of well-defined molecular wires almost 

orthogonal to the surface to enhance electron transfer.15, 25, 35, 38 Formation of coordinative 

adducts with transition metals in the highest oxidative states could end up with the adducts 

of 1:1 metal to ligand stoichiometries, which is normally a pathway used to create 

heteroleptic coordination compounds (a second and different ligand could be introduced 

into assembly at later point).34-35 Tpy is an interesting ligand for ECM design. 

1.5 Utilization of Terpyridine Coordination Complex Structure within ECMs 

Minor modifications on the molecular scale often have impactful consequences on 

electron transfer for conductive nanomaterials. To modify electron transport within the 

electrochromic system, the degree of ligand aromaticity or specific properties of the surface 

support can be altered. In addition, the arrangement of the molecules on the support (e.g. 

surface packing, angle to the surface, or formation of the defects/voids within the layers/ 

assemblies) as well as size and nature of the counter anions and type of electrolyte 

employed could significantly affect the rate and the mechanism of the electron transfer in 

the system.5, 39 Often, these simple modifications lead to effects visible to the naked eye. 

For example, simply altering the metal center of a tpy complex plays a defining role in the 

observed coloration of the ECM. In the UV-visible (UV-Vis) absorbance spectrum, this is 

observed as a shift in the MLCT absorbance, known as λMLCT.5, 15, 40 
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1.6 Deposition of the Electrochromic Material into the Solid Support 

While solution-based electrochromic systems are fundamentally and historically 

interesting, solid-based systems are largely preferable for device engineering and 

commercial manufacturing that is highly demanded. Many different methodologies allow 

for embedding electrochromes into solid support using physisorption or chemisorption. 

Common surface supports are glass, silicon or quartz surfaces covered with thin layer of 

transparent metal oxide (e.g. ITO, fluorine-doped tin oxide (FTO), etc., see Section 1.7 for 

more details).39 

There are different strategies to create a chemical bond between a hydrophilic surface 

and a chemically reactive linker to coordinate and immobilize a molecule on the surface.41 

Most common linkers used to covalently embed electrochromic layers into hydrophilic 

supports are acids (carboxyl, phosphonic),42-43 and silanes.44-45 A ligand that has the 

phosphonic acid moiety is able to directly attach to a clean hydrophilic surface.42 

Differently, the molecule may require a coupling layer, which chemically interlinks the 

substrate and the electrochromic molecule. For example, 4-(chloromethyl)-

phenyltrichlorosilane could be utilized as a templating layer which forms strong covalent 

siloxane-based attachment to the hydrophilic surfaces (like glass or metal–oxides). Then, 

electrochromic molecules with suitable nitrogenous group (e.g. pyridine) can form robust 

N-quaternized ammonium salt on the surface to attach the molecule of interest to the 

surface support (Figure 1.6).46-47 

 
Figure 1.6) Deposition methods for complex coordination on a hydrophilic surface using (a) carboxylic acid 

or (b) phosphonic acid moiety, and (c) pyridine through a silane coupling layer. 
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Different deposition methods are applied to attach the electrochromic layers to the 

support in an ideally robust manner. Dip-coating deposition is often used to create 

chemisorbed layers on the substrate through self-assembly of molecular components from 

the multiple dip-coating events that could be used for the propagation of the electrochromic 

layer on the substrate, known as the layer-by-layer (L-by-L) method. This methodology 

enables for well-defined coordination-based electrochromic molecular architectures to 

grow on surface.5, 48 L-by-L coating is advantageous for the laboratory scale production 

because of its simplicity and low cost for creating controlled layers,25 and it allows for 

precise control of the growth of the molecular assembly.39, 45 However, L-by-L methods 

are very time-consuming and labor-intensive, and may lead to lower ∆OD values when 

used for ECM design.5, 49 

The deposition method can also use physisorption or on-surface 

polymerization/electropolymerization, leading to layers greater than 100 nm thick. These 

materials may experience disordered arrangements nature to the deposition method. 

However, they lead to higher surface coverages, and thus may experience larger 

electrochemical currents or deeper colors, among other properties.50-51 Examples include 

spin-coating, spray-coating, roll-to-roll coating and screen-printing. Spin-coating method 

uses rotation to disperse the solution of the electrochrome over a substrate which is held 

over a vacuum. Spin-coating of the ECM onto the substrate is fast, inexpensive, simple, 

and a reproducible technique to create electrochromic layers of consistent thickness 

morphology.7 It enables the creation of densely packed layers when coating organic 

materials on metal oxides.5 However, spin-coating is not recommend for large-scale 

production due to the nature of the technique (wasteful of coating material).7 Spay-coating 

is another method for the production of electrochromic coatings, which atomizes particles 

through a nozzle and deposits the wet droplets onto a substrate as a spray. Pressurized gas 

in air are often used to stabilize the droplets into a spray. This method may be advantageous 

if film variance is desired, such as thickness or morphology. For example, spraying 

different polymers in different areas of the substrate.7 Roll-to-roll coating method uses a 

roller to propel a substrate while coating it with a material. It is advantageous for processing 

a high output at a low cost, and is applied for large areas and flexible surfaces.52 Because 

of nature of the method, it is conveniently used for polymeric ECM design.52-53 Inkjet 
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printing, which uses a computer program to transfer the ink onto the substrate, can be 

integrated with roll-to-roll printing. It is useful for large scale ECM preparation, and has a 

low cost with high resolution. It is allows for fine control of the material design, including 

thickness and location.11 However, it requires ink formulations which have an optimized 

viscosity, surface tension, and low evaporation rates to avoid inhomogeneous films.11 

Screen-printing is another deposition technique that can be used to deposit a vicious paste-

like material onto a substrate, and may permit the creation of sophisticated architectures. It 

uses a mesh with a small area that allows for some paste to pass through the mesh area onto 

the substrate, and a squeegee is used to pass the material through the mesh.7 Screen-printing 

is advantageous due to its low cost and portability,54 making it convenient for bench top 

substrate creation. The paste generally requires insulating additives (binders, thickening 

agents, and solvents) to get the desired consistently which subsequently must be removed 

using annealing at high temperatures (e.g. 500oC).55 

1.7 Assembly of the Solid State Electrochromic Device 

 

Figure 1.7) Electrochromic device configuration. The ion storage layer can be eliminated. 

The incorporation of an ECM into an operational device creates a solid state 

electrochromic device (ECD). These are multilayer devices, typically incorporating four to 

five layers: a transparent conductive electrode on two ends in a “sandwich” fashion, with 

the inside layers containing the electrochromic layer, an electrolyte, and in some cases, an 

ion storage layer (Figure 1.7).4, 13, 56 The outer layers of the ECD make up the electrodes, 

where the end with the electrochromic layer is the working electrode (WE) and the opposite 

side is the counter electrode (CE).53 The ion storage layer is used to balance the charge 

passed through the electrochromic layer and electrolyte and reduce polarizability of the 

CE11, 57 because equal and opposite redox reactions to the ECM occur on the counter 

electrode.49 The outer layers of the ECD, including the surface of the ECM, use conductive 

substrates with transparent coating (>75% transparent) and suitable electrical conductivity 

(<10 mΩ cm).13, 58 Frequently, the materials which meet this standard are conductive 
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oxides, called transparent conductive oxides (TCOs). For example, ITO on glass or FTO 

on glass are commonly used. Both of these are thin coatings of wide-bandgap 

semiconducting material which are highly doped.8 Comparatively, ITO is more conductive 

and smoother, thereby expecting to outperform FTO. However, due to high cost of ITO 

that contains the rare precious metal indium, FTO is often considered as a suitable 

inexpensive replacement. FTO is stable up to approximately 600oC, while the thermal 

stability of ITO is limited to ~200oC. FTO’s higher surface roughness can reduce the 

contact with the adjacent layer, and this could decrease the conductivity of the device.58 

Additionally, ITO is well known to degrade under very high and very low potentials, thus 

is limited by its relatively narrow potential window. For example, in propylene carbonate 

(PC) electrolytes, the ITO  will experience irreversible reduction to metallic indium and tin 

where the reduced species is brown in color and significantly less conductive.53  

TCO/glass or TCO/quartz are rigid supports, therefore their application is limited to a 

certain range of practical devices. Now, there is a desire for flexible, foldable, and 

stretchable ECMs.59 This type of flexibility must meet the same set of conditions for a 

substrate: transparent and conductive. Unfortunately, flexible substrate materials covered 

by TCOs suffer from cracking issues.52 Popular flexible materials for conductive substrate 

design include coated plastics, such as poly(dimethylsiloxane) (PDMS), or nanocellulose.13 

In addition, conductive flexible materials can be used, such as carbon nanotubes, graphene, 

conducting polymers, and metal nanowires.8, 11 Carbon based materials are electronically 

conductive, have low cost and high surface area but their black color is problematic without 

efficient design.60-61  

The electrolyte allows for the movement of charge using ions to and from the electrode, 

which is required to counterbalance the charge as the ECM becomes oxidized and 

reduced.52 There are three main types of electrolytes: liquid, gel, and solid. Liquid 

electrolytes use aqueous liquids or polar organic solvents with an ionic salt added. Liquid 

electrolytes have the highest conductivity and lowest resistance. For ECD fabrication, a gel 

or solid electrolyte is preferred to prevent electrolyte leaks, evaporation and add 

mechanical stability. Most commonly used for ECDs are gel electrolytes containing a 

mixture of liquid electrolytes with a suitable polymer and plasticizer to decrease the 

viscosity. These allow for flexibility with mechanical stability. If a plasticizer is not 
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applied, then the electrolyte will become a solid electrolyte (i.e. no viscosity). These add 

some mechanical stability but are highly resistive and difficult to apply because they are 

prone to cracking.8 Notably, gel electrolyte acts as an adhesive layer to join two electrodes 

together. One of the commonly used gel electrolytes is lithium based, and consists of 

lithium ions, PC, poly(methyl methacrylate) (PMMA), and an organic solvent. The lithium 

ions support the movement of charge to and from the WE. The PC serves a key role of 

dissolving the conducting salt into the organic solvent, which it possible due to its high 

polarity. PC will also add capacitance into the system, which enables charge build up on 

one of the electrodes. It also regulates the plasticity of PMMA, acting as a plasticizer 

itself.52  

1.8 Energy Storage Materials 

Supercapacitors and batteries are considered complementary energy storage materials. 

These classes of energy storage devices able to store and release of energy, but use different 

mechanisms to operate. Batteries are sources of chemical energy that provide high energy 

density and slow discharge/charge processes, but have relatively low cycle life and are 

prone to degradation. Supercapacitors store chemical energy and offer low charging 

densities. With efficient design, they experience good long term cycling stability and slow 

discharge processes. There are two types of supercapacitors: electric double layer 

capacitors (EDLCs) and pseudocapacitors. EDLCs rely on the adsorption and desorption 

of ions within porous materials for energy storage and release, while pseudocapacitors 

utilize Faradaic redox reactions along the surface of an electrode for storing and release of 

energy.6, 62-63 Because the Faradaic redox reactions occur on the electrolyte/surface 

interface, the capability for rapid and reversible redox reactions is improved for high 

surface area electrodes.20, 62 Further, adequate ionic and electronic conductivity improve 

the rates of electron transfer and charge/release rates, and can be increased with sufficient 

pore volume of the electrode material. In addition, the ideal electrode material should be 

mechanically and chemically stable.62 A porous structure is necessary to transfer the 

electrolyte ions to the surface of the electrode, where an ideal design should reduce ion-

transport resistance. This will improve charging and discharging capabilities of the 

device.64 Proper design and symbiotic combination of the WE and CE can lead to an 

increase in the performance of the supercapacitor.65-66 
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Interestingly, the same Faradaic redox reactions that are responsible for the 

electrochromic behavior of a material can be used for energy storage within the same 

device to obtain an electrochromic energy storage device (EESD). Resulting hybrid devices 

will offer colorimetric indication of its current charge state, in addition to charge storage 

and release. Furthermore, existing industrial ECMs could already possess capabilities for 

energy storage integration; therefore, it is advantageous to harvest the released energy upon 

each electrochromic switch. For example, capturing the energy released in electrochromic 

windows when changing from tinted to transparent.6, 65  

1.9 Electrochemical Performance Studies 

The efficacy of ECMs and EESDs is evaluated through several types of electrochemical 

and spectroelectrochemical measurements. 

1.9.1 Spectroelectrochemistry 

To begin, ∆OD and η are monitored using spectroelectrochemical (SEC) measurements 

in which a potential step is held (chronoamperometry), and the resultant change in 

absorbance over time is recorded in situ. For example, SEC measurements that record the 

change in absorbance at λMLCT while simultaneously changing the applied potential, as a 

function of time.25, 32 For absorbance measurements in SEC, diffuse reflectance 

spectroscopy is likely required instead of normal UV-Vis spectroscopy because of the light 

scattering that occurs within solid materials. For solid surfaces, two types of reflectance 

spectroscopy exist, where reflectance is the ratio of reflected to incident radiant flux (i.e. 

power). First, there is specular reflection, which is typical for mirrors and polished surfaces, 

and second, there is diffuse reflectance within matte or dull surfaces, such as powders. In 

diffuse reflectance spectroscopy, a reflectance spectrum is recorded as a function of λ. The 

incoming incident beam passes through the sample, and is reflected, refracted, or scattered 

(called diffraction). The sample of interest will absorb light at specific wavelengths. After 

passing through the sample, the scattered electromagnetic radiation is analyzed at the 

detector.67 

1.9.2 Cyclic Voltammetry 

Cyclic voltammetry (CV) is applied for electrochemical analysis, which uses a 

potentiostat to vary the potential (E) at the WE while recording the response current (i), 

and the potential is controlled with respect to the reference electrode (RE). A CE is required 
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to permit electrons to flow between the electrodes, where a Pt wire is a common choice 

due to being conductive yet inert compared to most electrode materials. Combining a WE, 

CE and RE is known as a three-electrode cell method.68 In CV, the potential application 

reveals the positions of redox activity (i.e. oxidation and reduction) through a sharp 

increase in current.69 The sweep rate (ν) refers to the change in potential per unit time (e.g. 

mV/s). The sweep rate is a parameter set by the user, and the measured current increases 

with increasing sweep rates (and vice versa).70 

 

Figure 1.8) Cyclic voltammogram (CV) of an electrochemically reversible material with key regions labelled 

using the US standard. 

The CV data is presented in a cyclic voltammogram (also abbreviated CV) (Figure 1.8). 

For an electrochemically reversible system, there will be two peaks of equal and opposite 

signal (i.e. mirror-like),25 known as the peak current (ip), where one peak is the site of 

reduction (O+ + e- → R) and the other is oxidation (R → O+ + e-). In the United States (US) 

standard for presenting CV data, the potential increases from left to right, whereas the 

International Union of Pure and Applied Chemistry (IUPAC) standard increases from right 

to left.70 The US standard will hereby be applied. As shown Figure 1.8, increasing the 

potential leads to oxidation at the anode and thus the anodic peak current (ip,a) and the 

anodic peak potential (Ep,a). The CV reaches a rightmost endpoint set by the user, and then 

sweeps backwards, eventually reaching the site of reduction at the cathode giving the 

cathodic peak current (ip,c) and the cathodic peak potential (Ep,c). The redox (E1/2) potential 

is reported instead of the individual peak potentials where Equation 1.3 applies.15 

Equation 1.3) E1/2 =
Ep,a+Ep,c

2
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Furthermore, the peak potentials (Ep,a and Ep,c) are obtained as the corresponding x-

coordinates. However, the peak currents (ip,a and ip,c) are not simply the y-coordinates. The 

charging current must be subtracted, which is shown on Figure 1.8 as the red hashed line 

and is known as the baseline current. The peak currents (shown as the blue arrows) are 

equal to the difference of the peak’s y-coordinate value and the charging current, where the 

magnitude of the charging current can be determined using simple linear regression. In 

practice, the CV electrochemical results are normalized to unit standards in order to allow 

comparison between dissimilar data sets. The measured current is normalized to unit area 

to give current density (J, e.g. units of A/cm2). The applied potential to the WE is controlled 

with respect to the RE, which is then normalized to a standard that has well defined and 

stable redox reactions. For example, aqueous electrolyte systems may apply the standard 

hydrogen electrode (SHE) while non-aqueous electrolyte systems may apply the 

ferrocene/ferrocenium redox couple (Fc/Fc+). The Fc/Fc+ standard is reported by 

determining the redox couple at 0 V versus the used RE, and then subtracting this value 

from the WE electrode measurements which were recorded against the RE (i.e. E(WE vs. 

Fc/Fc+) = E(WE vs. RE) – E1/2(Fc/Fc+ vs. RE).70  

Redox active metal centers experience different positions of oxidation and reduction 

compared to one another, observed as differences in E1/2 on the CV.15, 36 Additionally, the 

position of E1/2 is also impacted by the specific design of the redox species. Thus, for tpy-

based ECMs, the actual ligand design plays a role in the observed redox potential. For 

example, increasing the electron donating effect onto the tpy-core shifts the peak potentials 

to lower values (cathodic shift) while increasing the electron withdrawing groups shifts 

peak potentials to higher values (anodic shift).12, 15, 71 Moreover, because the MLCT 

transitions depend on the redox state of the coordination complex, it is often possible to 

separately bleach metal centers, leading to multiple colored transitions within a mixed 

metal center coordination complex ECM.72 The same effect is possible using the same 

metal ion center that experiences multiple colored redox states.73  

Measuring CVs at different sweep rates reveals whether the system experiences thin 

layer behavior, or oppositely, if the system is a diffusion controlled process. Thin layer 

behavior is a desired result for a surface-confined redox species because it means that the 

electrochemical redox reaction is fast, and not limited by slow diffusion of electrolyte ions 
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to and from the redox species.32, 49 In other words, this means that the electron transfer 

reaction is not slowed by diffusion of counter ions to and from the electrode.12 A linear plot 

of peak current (ip) versus the sweep rate is characteristic of materials that experience thin 

layer behavior.74 Conversely, systems that are diffusion controlled experience a linear 

relationship between peak current versus the square root of the sweet rate.5, 56 It is an 

expected case that for the linear plot of ip versus ν, the linear region is limited to slower 

sweep rates (< 250 mV/s), and the system will become quasireversible thereafter where 

quasireversible denotes a redox process is only partially reversible.74 The reversibility of 

the system is frequently monitored through the relationship 
𝑖𝑝𝑎

𝑖𝑝𝑐
≈ 1 indicative of a 

reversible redox pair.25 

For a system that experiences a linear dependence of peak current on the sweep rate 

(i.e. thin layer behavior), then the surface packing (Г) of the redox species can be 

calculated, which give a measure of the amount of electrochemically access material on 

the electrode using Equation 1.4 where A is the surface area of the cell, n is the number of 

electrons during the redox reaction, T is the temperature, and R and F are the gas and 

Faraday constant, respectively.69 

Equation 1.4)  𝑖p =
𝑛2F2

4RT
νAΓ 

The electron transfer constant (kET) gives a measurement of the electron transfer of a 

surface-confined redox species. The Laviron method for calculation relies on the Butler-

Volmer model, and the peak potentials of oxidation and reduction at very fast sweep rates 

will shift the cathodic and anodic peaks into positive and negative directions 

(overpotential). Interestingly, this shift is linearly dependant on the logarithm of the sweep 

rate. Therefore, on a plot of peak potential for the anodic and cathodic sweeps versus the 

logarithm of the sweep rate obtains a linear region at very fast sweep rates for the anodic 

potentials and a second linear region for the cathodic potentials. The cathodic (sc) slope 

and anodic (sa) slope of this linear regression allow for the calculation of α where α is the 

exchange coefficient providing a ratio for the similarity of the slopes, as per Equation 1.5.  

Equation 1.5)  α =
sa

(sa−sc)
 

For a reversible system, the magnitudes of sa and sc are equivalent, thus an α value near 0.5 

is ideal for an electrochemically reversible system. Both lines of the linear regression 
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analysis are extrapolated to the redox potential of the system (y=E1/2), where the x-value 

(log ν) of this intersection is of importance. The point of intersection to this value using the 

anodic and cathodic potentials leads to the magnitudes of νa
 and νc using the inverse of the 

logarithm (10log ν). Now, kET can be determined using Equation 1.6.69, 75 

Equation 1.6)  𝑘ET =
α𝑛Fνc

RT
=

(1−α)𝑛Fνa

RT
 

Other methods for kET evaluation exist requiring the use of other electrochemical 

techniques, such as chronoamperometry. Chronoamperometry, in which a potential is 

applied and the current decay measured,69 gives kET through a plot of the natural logarithm 

of the current decay (ln i) versus time, and the slope equals kET.75 

1.9.3 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) analysis is considered to be one of the 

most efficient characterization methods for non-invasion analysis of the electrochemical 

properties for conductive surfaces, such as an ECM, providing specific information 

regarding the conductive material’s resistance (R) and capacitance (C).76-79 Resistance is 

the opposition to ionic or electron movement in measured in ohms (Ω), and capacitance is 

a measure of the ability for a material to store energy through the arrangement of charge 

reported in farads (F).68, 80 EIS measures the impedance (Z) over an applied frequency (f) 

range with a small alternating current (AC) signal at a set potential. The real impedance 

(Z’) is independent of frequency while the imaginary impedance (Z”) is inversely 

dependent on it.69 Importantly, the angular frequency (ω) is used for EIS calculations 

instead of f, where ω is equal to 2πf.80  

 
Figure 1.9) Typical Nyquist plot representing the EIS data where Z’ is the real impendence and Z” is the 

imaginary impedance. 
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EIS measurements can be presented graphically as a plot of Z” versus Z’ called the 

Nyquist plot (Figure 1.9). The Nyquist plot is used to observe the mass transfer properties 

of a conductive material, where these properties describe the rate of diffusion of the 

electrolyte ions to and from the interface. The Warburg region on the Nyquist plot has a 

characteristic slope of 45o, and the mass transfer term is described by the Warburg 

impedance. These mass transfer properties are quantified through further analysis using a 

plot of Z’ versus the ω-1/2. This will have a linear region in the low-frequency region 

represented by Equation 1.7 where the slope is equal to the Warburg coefficient (σ) 

providing a measure of the diffusion rate.62, 81 

Equation 1.7)  Z′ =
σ

√ω
 

From this coefficient, the diffusion coefficient (D, cm2 s-1) is calculated using Equation 1.8 

where C* is the electrolyte concentration an all other constants were previously defined.  

Equation 1.8)  𝜎 =
𝑅𝑇

𝑛2𝐹2𝐴√2
(

1

𝐷1/2𝐶∗) 

The diffusion coefficient is the rate of mobility for ionic diffusion, therefore a larger 

magnitude represents faster diffusion.  

Furthermore, ion mobility is magnitudes smaller than electron mobility, thus it is 

diffusion of the ions that needs to be improved in conductive materials, such as for the 

ECMs.62 This can be further scrutinized by analyzing the internal resistance of the 

conductive material (RΣ). RΣ gives the sum of the ionic and electronic resistance (i.e. RΣ = 

Rion + Relec) where Relec is insignificant compared to Rion, leaving RΣ approximately equal 

to Rion. RΣ can be calculated through a projection of the Warburg region onto the x-axis of 

the Nyquist plot where this length equals 
1

3
RΣ.78, 82 Analysis of RΣ for different systems can 

be used to compare the ionic resistivity for different ECMs,83 or the change in ionic 

resistivity while performing durability cycling.78, 82 

In the Nyquist plot, charge transfer resistance (RCT) of ions along the surface interface 

is equal to the diameter of the semicircle feature in the high- to mid-frequency region. 

However, highly conductive materials do not show this semicircle, representing the ease 

of diffusion of ions to the interface and electron exchange at the interface.84 In this case, 

the capacitance of the conductive material may be analyzed through a capacitance plot (C 
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versus Z’), which gives the change in capacitance using the series capacitance (Equation 

1.9) and can be used to determine the Faradaic capacitance (CF) of a material. 

Equation 1.9) C =
1

𝜔𝑍"
 

When constructing a capacitance plot, the impedance must be measured at the site of 

Faradaic activity and the double layer potential, which are observed in Figure 1.8 as E1/2 

and the region outside of it, correspondingly. The double layer potential gives the limiting 

capacitance (Cdl) and the Faradaic capacitance gives the cumulative pseudocapacitance and 

double layer contribution (CT). Subtraction of these two values gives the magnitude of the 

Faradaic capacitance (CF) (Equation 1.10).82 

Equation 1.10) 𝐶𝑇 = 𝐶𝐹 + 𝐶𝑑𝑙 

Thus, EIS analysis for ECMs can be further used to validate the ability for the ECMs to 

serve as EESDs. 

1.9.4 Galvanostatic Charge-Discharge 

 

Figure 1.10) Galvanostatic charge-discharge (GCD) curves depicting two continuous cycles of charging and 

discharging for an EDLC (red) and pseudocapacitor (blue). 

Galvanostatic charge-discharge (GCD) curves are used to characterize materials for 

their energy storage properties, such as for EESDs. GCD applies a constant current and 

records the response potential over time. The WE will charge to a preset potential value 

and then discharge back down to the starting potential. This is known as the potential 

window (Δ𝑉 = 𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛). The discharging cycle reveals specific information with 

respect to the energy storing capabilities of the material. For EDLCs, the recorded GCD 

profiles, called GCD curves, increase then decrease linearly, appearing triangular as a result 

over multiple cycles. Pseudocapacitors experience bends in the GCD curves revealing the 

positions of Faradaic responses (Figure 1.10). It is common to perform GCD cycling of the 

material from 1000 to 10000 times to prove the durability. The magnitude of the current 
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used impacts the rate of discharge: higher currents cause faster discharging, and slower 

currents lead to slower discharging.68 At faster rates, the ions have less time to intercalate 

into the supercapacitor, leading to a faster discharging time, and vice versa.85 The series 

capacitance of a pseudocapacitor can be obtained from the GCD curve using Equation 1.11 

where i is the applied current, ∆t is the discharging time, and ∆V is the potential window.68  

Equation 1.11)  C =
i∆t

∆V
  

The capacitance per electrode area is known as areal capacitance (A/cm2, normally 

represented by symbol C),64, 66, 86 while the capacitance per electroactive mass loading is 

called the specific capacitance Cs (F/g). Cs is used to determine the specific energy density 

(E) and specific power density (P) of a given material, which are the rate of delivering 

energy in Watt-hour per kg (Wh/kg) and delivering power (W/kg), respectively. 

Furthermore, power density is the ability to quickly deliver energy under a constant current 

over time.62, 68 E and P are calculated using Equation 1.12 and Equation 1.13, 

correspondingly.62, 87  

Equation 1.12) E =
1

7.2
Cs(∆V)2 

Equation 1.13) P =
3600E

∆t
 

It is characteristic of a supercapacitor to have high power density but low energy density, 

while the opposing case is characteristic of batteries.20 Ragone plots give the power density 

versus the energy density, and are used to compare different energy storage materials. 

Generally, energy storage materials have high suitable power or energy density, but not 

both due to the inherit nature of the measures: E is linearly proportional to discharging time 

while P is inversely proportional to discharging time.68  

1.10 Literature Review of Terpyridine-Based ECMs 

Polypyridine-based ligands in combination with late transition metals are very popular 

building blocks to create electrochromic molecular assemblies on the surface. The tpy 

ligands are especially popular due to their properties to support orthogonal growth of 

coordination-based architectures. Different strategies were reported to create polypyridine-

based ECMs: the growth of coordination-based L-by-L assemblies on flat conductive 

surfaces, solution-based growth of three-dimensional frameworks on the surfaces or on 

liquid-liquid interface, and creation of coordination polymers and nanostructures. The 
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scope of this thesis project was initially inspired by the work of van der Boom et al. who 

applied molecular assemblies of bpy-derived metal complexes using [M(Rn-bpy)3]
2+ unit 

for ECM design where Rn is an organic alkane or aromatic group(s) in the 4 (and 4’) 

position(s).48 

1.10.1 Layer-by-Layer Assemblies 

Multiple literature reports utilize L-by-L deposition methods for the growth of 

molecular wires. In each circumstance, the authors relied on metal-directed assembly to 

form supramolecular structures.88 

 
Figure 1.11) Referenced ECMs from the van der Boom et al. depicting specific [M(Rn-bpy)3]2+ structures 

within the ECMs and the resulting colors in reduced (+2) and oxidized states (+3).5, 48-49 

To begin, an impactful ECM report by van der Boom et al. (2015) used a dip-coating 

technique on ITO/glass pre-functionalized by chlorobenzylsiloxane layer to propagate 

coordination-based L-by-L assemblies by alternating between solutions of VB1 through 

VB4 complexes (where VBx is a metal complex containing a bpy-derivative from Figure 

1.11) and PdCl2 salt solutions (η1-coordination with the d8 metal). This methodology 

allowed for the creation of molecular assemblies having thickness less than 60 nm. Four 

different ECMs were created by varying the bond order (sp3, sp2, sp, and a combination of 

sp2 and sp) of the linkage to a terminal pyridine ring in the bpy ligands. Resulting ECMs 

featured different colors (ranging from blue to pink), and demonstrated large ∆ODs (≤ 

41%), exceptional coloration efficiencies (≤1488 cm2/C), fast cycling speeds (maximum 

∆OD switching at ≥ 1.0s), and redox stability (≥ 30000 cycles).48 In a later report (2017), 

they enhanced the ECM design by varying the metal center from iron(II) (VB1), to 

ruthenium(II) (VB5) and osmium(II) (VB6), with bimetallic combinations of all three. By 
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varying the specific ligand structure and nature of the metal center, they created a wide 

scope of achievable colors from purple to red and orange. They modified their foundation 

support and deposition method using spin-coating of multiple layers on FTO/glass 

(thickness = 210 – 300 nm) and alternating between the corresponding metal(II) complexes 

and PdCl2(PhCN)2 (PhCN = benzonitrile). The result was improved ∆ODs (≤ 64%) but 

reduced coloration efficiencies (≤ 473 cm2/C) compared to their dip-coated ECMs. Further, 

unlike their dip-coated ECMs, the redox processes was limited by slow diffusion of the 

ions (kET = 0.032 s-1).5 In 2019, they further improved the design of the ECD through 

incorporation of an ion storage layer on the CE, where the previous ECDs only used the 

correlated ITO/glass or FTO/glass as the CE with Li+ gel electrolyte. They used a spray-

coated deposition method to deposit the bpy-complex using VB1 and VB2 (thickness ≤ 438 

nm), in combination with the spin-coated PEDOT:PSS on the CE as an electrochromic ion 

storage layer (thickness = 90 nm) to enhance the ECD stability. This significantly improved 

color retention after 700 switching cycles, which were attributed to the important role of 

the ion storage layer preventing side reactions that lead to degradation of the ECDs.49 

 
Figure 1.12) Referenced ECD by Choudhry et al. depicting the propagated initial layers of [Fe(R-tpy)2]2+ 

using a layer-by-layer deposition method, and the resultant colors in reduced (+2) and oxidized states (+3).89 

Recently, Choudhury et al. applied [Fe(tpy)2]
2+ unit within 3D arrays for ECM design 

(2020, Figure 1.12). The molecular assembly began with a tpy linker to the surface 

ITO/glass (the WE), where the layers were further propagated using L-by-L deposition of 

iron(II) and a ligand with three tpy units connected with triphenylamine (TPA) and 
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imidazolium. The positively charged imidazolium was expected to enhance ion-diffusion 

and ion-transfer within the ECM, thus ideally obtaining efficient switching and improved 

stability. The ECD based on the ECM creation with ITO/glass CE and gel electrolyte was 

operating under the potential window of -2.0 V and +3.2 V. The device demonstrated good 

electrochromic performance with the significant ∆OD of 40%, good η of 275 cm2/C, and 

fast switching times (tc and tb were 0.49 s and 0.90 s). The stability loss of the device was 

15% after 4500 cycles.89 

1.10.2 Polymeric Molecular Assemblies 

The investigations for [M(R-tpy)2]
2+ ECMs (where R is any organic group in the 4’ 

position) have been mostly limited to propagation of electrochromic layers using L-by-L 

assemblies or layers of coordination polymers. Metallo-organic electrochromic systems 

using conductive polymers often employ –([M(R-tpy)2]
2+)n–unit, and extending in one-, 

two-, or three-dimensions (1D, 2D, 3D, correspondingly) to create metallo-supramolecular 

polyelectrolytes (1D), metallo-supramolecular polymers (1D, 2D, or 3D), or coordination 

nanosheets (2D and 3D).15, 19, 32, 56, 72 The polymeric extension is possible through the 

specific tpy ligand design, and relies on self-assembly from solution due to the high affinity 

of tpy ligands to create stable coordination adduct with late transition metal ions. For 

example, bis(tpy)-motif supports linear growth, leading to a 1D polymer.15, 19 Adjoining 

three tpy units into one ligand allows the polymer to grow in 2D or 3D, depending on the 

flexibility and branching of the specific ligand. For example, a rigid ligand might only grow 

in a 2D pattern,32, 71 while a flexible and branched ligand could also propagate growth 

between layers, creating a 3D polymer.56 Thus, coordinating metal ions to branched tpy 

ligands creates electrochromic polymeric arrays, forming the ECMs.  

An early report by Kurth and Higuchi et al. (2008) demonstrated the potential for tpy-

based ECMs in solution using KH1 through KH5 complexes (where KHx is a tpy-derivative 

complex from Figure 1.13) for the design of metallo-supramolecular polyelectrolytes. 

Changing the metal center from iron(II) and ruthenium(II) and variation of electronic 

properties of the tpy core using a range of ligand donating to withdrawing strengths for 

KH1-5 units resulted in an almost complete rainbow of ECMs. This work revealed the 

ability for color tuning of the ECM using individual modifications to a [M(R-tpy)2]
2+ 

complex.15 A year later (2009), they incorporated their complexes into films (30 – 100 nm) 
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using spin-coating method onto ITO/glass and KH1 units with iron(II) and ruthenium(II) 

complex mixing into ECDs with ITO/glass CE and Li+ gel electrolyte. They designed 

pictures using the two complexes capable of individual color-switching due to dissimilar 

reduction potentials. They coated both the WE and CE electrode with the polymer mixture, 

thus simultaneously applying equal and opposite potentials on the electrodes, leading to 

bleaching of one electrode but coloration on the opposite. They did not comment on the 

efficiency of this device, however it was an interesting proof of the concept.19 

 

Figure 1.13) Referenced Kurth and Higuchi et al. ECMs using polymeric bis(R-tpy) complexes with Fe(II), 

Ru(II), and Co(II) metal ions. ECMs for 2008 are in solution, while 2009 are incorporated into an ECD.15, 19 

 

 
Figure 1.14) Referenced ECMs and ECDs by Higuchi et al. using the structures of the polymeric [M(R-

tpy)2]2+, [M(Rn-bpy)3]2+ and [Cr(R-tpy)2]3+ units, including the resultant colors in reduced and oxidized states 

when available.12, 32, 73, 90-92 (WE = working electrode) 
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Separately in 2013, Higuchi et al. created a series of 1D metallo-supramolecular 

polyelectrolytes by varying molar ratios between the metal center (iron(II) or 

ruthenium(II)) and bis(tpy) ligands to form H1 to H5 (where Hx is a tpy-derivative complex 

from Figure 1.14), and spray-coating these polymers onto ITO/glass. The λMLCT transitions 

could be individually bleached due to dissimilar metal centers, and the highest η value was 

242.1 cm2/C with ∆OD of 69%. However, these values were determined for the material 

itself without the incorporation into a working ECD. These electrochromic films 

experienced a low conductivity which was observable as a very low increase in current 

density when changing the scan rates up to 500 mV/s (ip,max < 0.20 mA/cm2).12 In 2016, 

they created ECMs using metallo-supramolecular polymers (2D) with H6 and H7 ligands 

that had cis versus trans conformations, respectively. The success of this work was 

demonstrating that the trans based polymer is more than three times conductive to the cis, 

further demonstrating the role that specific tpy ligand design plays in the overall ECM’s 

efficiency. Notably, the tc and tb for the trans polymer were 1.08 s and 0.93 s while for the 

cis polymer were 2.17 s and 4.23 s.90 In 2018, Higuchi et al. created 3D metallo-

supramolecular polymers using an osmium(II) monomeric unit (H8) with η ≤ 467.5 cm2/C 

and ∆OD ≤ 59.4%. They varied the tpy units from a bis(tpy) unit to a tris(tpy) unit (H9), 

using different ratios to achieve different levels of branching within their polymer. They 

only incorporated the bis(tpy) polymer (H8) into an ECD using spin-coating on ITO/glass 

with ITO/glass CE adjoined with gel electrolyte. Using MLCT peak bleaching and coloring 

potentials of +2.5 V and -2.5 V respectively (5 s intervals), they obtained ∆OD of 41.1% 

which experienced a 4% intensity loss after 200 cycles.91 Higuchi et al. (2019) created 

polymeric 2D nanosheets constructed of iron(II) bpy complexes using H10 and  H11 units 

through growth at a liquid-liquid interface to form polymeric nanosheet films having 

thickness ≤ 200 nm. To evaluate the electrochromic potentials, the nanosheets were 

transferred onto ITO/glass and measured in 3-electrode cell design, recording ∆OD of 62% 

at the MLCT (590 nm), very fast switching times (tc and tb were 0.48 s and 0.57 s, 

respectively), and desirable η values (431 cm2/C for the best system). They then 

incorporated these ECMs into ECDs using an ITO/glass CE with Li+ gel electrolyte as an 

adhesive, and used operating voltages of +2.5 V and -2.5 V for reversible bleaching and 

coloring of the nanosheets. They observed almost a full retention of their ∆OD when 
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transitioning into the ECD design, however slower tc and tb values were recorded (0.73 and 

1.44 s respectively for the best system). The η value for the ECD were not reported.32 In 

2019, Higuchi et al. further advanced their initial design by assembling an ECD using the 

1D polymeric iron(II) unit H1 spray-coated onto ITO/glass with a spin-coated Prussian blue 

ion storage layer on ITO/glass, and sealed together with Li+ gel electrolyte. They used an 

operating voltage of +2.7 V (bleaching) and -1.3 V (coloring) obtaining ∆OD of 60% with 

5 s switching intervals. Notably, they observed the ion storage layer to play a significant 

role in the long-term durability of the ECD, in which there was a large decline of the ∆OD 

value (~40% loss) after 1800 s when no ion storage layer was present, but only 4% loss of 

∆OD after 2100 s when the ion storage layer was present. More specifically, the ECD 

without the ion storage layer began to form brown coloration (a sign of burning) on the 

ITO/glass CE due to damage of the ITO which decreased the efficiency and conductivity 

of the overall device. They also observed that thickening of the electrochromic layers and 

ion storage layers decreased ∆OD, therefore thickness was a crucial parameter that had to 

be controlled. From this, their best ECD had η equal to 321 cm2/C.92 In 2020, Higuchi 

investigated bimetallic metallo-supramolecular polymers by alternating between iron(II) 

and osmium(II) metal centers within the same 1D polymer (using H12 monomer unit), 

where the MLCT transition peaks were visible for both metal centers.72, 93 The bimetallic 

polymers were spray-coated onto ITO/glass, and resulting materials were able to 

selectively bleach metal centers using differences in redox potentials. Thus, purple to violet 

to greenish color-to-color transitions were reported for Fe2+Os2+ → Fe2+Os3+ → Fe3+Os3+ 

oxidations. Due to this multiple MLCT peaks in the system, the authors only monitored 

and reported their absorbances for the strongest transition, which was the iron(II) MLCT 

absorbance. They obtained systems with a significant η of 251 cm2/C, great ∆OD of 52%, 

short tc and tb of 0.72 s and 0.90 s, and very impressive stability beyond 10000 cycles (5 s 

intervals). They created an ECD using spray-coating of the polymer onto ITO/glass, with 

ITO/glass CE and sealed with gel electrolyte. The resulting ECDs required the application 

of the potentials +2.5 V and -2.5 V (5 s intervals) and fast tc and tb of 0.98 s and 1.45 s, 

respectively. Interestingly, they created a patterned WE with three distinct (separate) 

sections of the coated polymer, and were thereby able to vary the applied potential to the 

selected WE section to vary the pattern’s observed coloration.72 Differently to this, Higuchi 
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et al. in 2020 created a 1D tpy-based polymer (using H13 monomeric unit) on ITO/glass 

using Cr(III) ion, and enabled four separate colored transitions from Cr3+ (yellow) ↔ Cr2+ 

(magenta) ↔ Cr+ (blue) to ↔ Cr+/- (navy), and demonstrated high ∆OD values (≤ 86.1%). 

However, relatively slow switching times were reported where the coloring times were no 

faster than 5.56 s, depending on the wavelength of the transition.73 

 

Figure 1.15) Referenced ECMs by Kurth et al. depicting the polymeric [M(R-tpy)2]2+ units, as well as the 

coloration in the colored state (+2) and bleached states (+3), if provided.25, 36  

In 2017, Kurth et al. created what they purposed to be a “traffic light effect” for a 

metallo-supramolecular polymers with iron(II) bis(tpy) complexes using K1 and K2 that 

had bithiophene bridges (where Kx is a tpy-derivative complex from Figure 1.15). The 

ECMs were prepared by dip-coating from the polymer solution onto ITO/glass to obtain 

thin-films. The ECM switched between red and green color, so resembled “bi-color traffic 

light” behavior.25 A year later (2018), they created a series of metallo-supramolecular 

polyelectrolytes featuring K3 and K4 coordination complexes with bipyridine or 

(bipyridyl)benzene bridges. The iron(II), cobalt(II) and ruthenium(II) metal centers were 

used to further color tune the ECMs. Interestingly, the length of the bridge significantly 

affected the ε values where the specific effect depended on the metal center, as well as λ 

for MLCT or d-d* absorbances. The MEPEs were spin-coating onto FTO/glass to create 

ECMs demonstrating η ≤ 720 cm2/C and the best performing system was based on the 

combination of the iron(II) center combined with the ligand having the longer spacer.36 
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Figure 1.16) Referenced ECMs by Tao et al. depicting the structures of polymerized [Ru(R-tpy)2]2+ and 

[Fe(R-tpy)2]2+ monomer units with TPA bridges, and the resultant colors in reduced (+2) and oxidized states 

(+3).40 

 
Figure 1.17) Referenced ECM by Holliday and Jones et al. depicting the structures of the polymerized [Fe(R-

tpy)2]2+ monomer units with bithiophene bridges, and the resultant colors in reduced (+2) and oxidized states 

(+3).94  

Similar to these, Tao et al. (2015) created a series of ECMs with a rainbow of observed 

colors using electropolymerized ruthenium(II) or iron(II) with tpy monomer units and TPA 

groups to create the 3D polymer backbone, shown as T1 through T3 (where Tx is an tpy-

based complex represented in Figure 1.16). The TPA groups were additionally beneficial 

for having intense photo- and electroactive properties, and were proposed to stabilize the 

oxidized states of the ECMs due to the strong donating properties of the unit, ideally 

lengthening the electrochromic memory. Further, they inserted phenyl, biphenyl, and 

stilbene bridges between the tpy ligands and the TPA, creating a series of metal(II) tpy 

monomeric units. The electrochromic memory values for the polymers were minutes long 

(≤ 11.8 min). In general, the polymers using iron(II) centers held the bleached color longer 

than polymers with ruthenium(II) centers, and ligands with shorter bridges demonstrated 

significantly longer memory times. The authors were not exploring the details on the 

electrochromic performance of the materials studied nor the potential creation of the 

working ECD based on the polymeric assembly.40 Since then, electropolymerization of 
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monomeric [M(R-tpy)2]
2+ units has been further explored for ECM foundational design, 

such as using thiophene bridges within the group of Holliday and Jones (Figure 1.17).94 

 
Figure 1.18) Referenced ECD by Chakraborty depicting the polymeric [Fe(R-tpy)2]2+ units using ether 

linkages, and the resultant colors in reduced (+2) and oxidized states (+3).56  

Chakraborty (who previously contributed to several of Higuchi’s contributions to this 

area90-91) and coworkers advanced the work of coordination polymers for nanosheets 

(thickness = 350 nm) using three tpy units connected by ether-based linkages (2020, Figure 

1.18). Their goal was to delay electronic communication with the non-conjugated moiety 

in order to increase the optical memory of the ECM because the [Fe(tpy)2]
3+ charged state 

experiences fast self-reduction. Using potentials of 0 and +1.5 V, they were able to monitor 

the reversible pink-to-colorless color switching. Using 5 s intervals, the tc and tb values 

were 0.84 s and 0.88 s, with ∆OD of 95%. When incorporated into an ECD using an 

ITO/glass CE with Li+ gel electrolyte adhesive, the potential window increased to -1.5 V 

and +2 V for coloring and bleaching. Now, the ∆OD was reduced to 53%, which only 

decreased by 4.91% after 1000 cycles and 10 s intervals. The η value for the ECD was 

reported at 470.16 cm2/C. In the ECD state, the optical memory was reported to retain 50% 

of its maximum bleached state after 25 min.56 
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Figure 1.19) Referenced ECMs of Nishihara et al. depicting the structures of the polymeric [M(R-tpy)2]2+ 

units, and resultant colored states (reduced versus bleached).71, 95  

Differently, Nishihara et al. created electrochromic 2D graphene-like nanosheets using 

tpy molecular architectures with either iron(II) or cobalt(II) metal centers (2015, Figure 

1.19 representing Nx for tpy-based complexes ligands). Further, the tpy ligands had two 

different designs by incorporating either phenyl or alkyne bridges between the tpy units 

and a central phenyl moiety. For the Fe2+/3+ redox couple, alkyne bridges versus phenyl 

bridges in the ligand structure caused an anodic shift in the CV and 10 nm red-shift of the 

UV-Vis’s λMLCT, as a result of the electron-withdrawing ability of the alkyne linker. The 

authors were able to grow layered nanosheets with a thickness of ≤ 300 nm depending on 

the specific ligand, metal center and reaction time, where the monolayer is expected to be 

1.4 nm thick. The iron(II)-based nanosheets deposited onto ITO/glass demonstrated 

reversible color bleaching between purple to yellow with long term durability (> 1000 

cycles) and fast response times (0.54 s for the best system). They recorded exceptionally 

fast kET values using an EIS-based method of 678 s-1 and 398 s-1 for their iron(II) 

nanosheets. Next, authors utilized the materials to create a multilayer ECD consisting from 

a WE covered with iron-based assemblies and CE functionalized by a cobalt assembly 

separated using a solid polymer electrolyte. Because equal and opposite reactions occur on 
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the WE and the CE, one nanosheet assembly became oxidized while the other was reduced. 

This was observed as different colored states within the device when switching between 

2.0 V and 1.0 V applied potentials, which was possible due to the different metal centers 

(purple to yellow for Fe2+/3+ and orange to deep purple for Co2+/+ nanosheets). No η values 

nor further performance testing were reported to the ECD.71 In 2019, Nishihara, Wong and 

coworkers reported electrochromic nanosheets using three linked cobalt(II) tpy monomeric 

units (N3 and N4), which were joined by triphenylamine (TPA) bridges. The Co2+/3+ redox 

couple is known to have slow electron transfer and diffusion controlled redox exchanges 

leading to an overall instability of the system. The η was 123.76 cm2/C for the ECM, which 

declined to 73.44 cm2/C for the ECD system.95 

1.11 Electrochromic Energy Storage Devices using Coordination Complexes 

EESDs are normally created using asymmetric composite materials for the goal of 

improving the faults experienced by the individual electrode materials, and this is 

particularly common for these dual devices because the best supercapacitor materials are 

not necessarily electrochromic, such as carbon.64-65, 96 In literature, EESDs were previously 

created using combinations of metal oxides with conducting polymers,64, 66 metal oxides 

with inorganic dyes,65 metal oxides with small organic molecules,86 silver nanowires and 

graphene with metal oxides,97 and multi-walled carbon nanotubes (MWCNTs) with a 

conducting polymer.20 However, supercapacitor investigations applying metal 

coordination complexes for device design have been almost entirely overlooked, despite 

their durable and Faradaic electrochromic properties. 

Very recently (2020), van der Boom et al. applied VB1 complex for a pseudocapacitor 

design (structure presented in Figure 1.11). To do this, an electrochromic WE was created 

by spin-coating multiple layers of the bpy-derivative complex on FTO/glass. The 

functionalized device was created by the connection of this WE to the CE with 

PEDOT:PSS and MWCNTs on FTO/glass. To be able see the color change of the device 

due to the black color of the carbon nanotubes, the authors were required to create an 

“observation window” by mechanical removal of the MWCNTs from a small area on the 

CE to permit visual and in situ UV-Vis spectroscopy measurements. The device 

demonstrated distinct colored transitions from a dark purple (-0.4 V) to transparent (1.8 V) 

with increasing the oxidative potential. This correlated to the material charging 
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(transparent) and then discharging (purple) process. The color was maintained over 1000 

cycles at 90% retention of the ∆OD. Their supercapacitor was able to power a yellow LED, 

however no details on the capacitance of this device were reported. 

Higuchi (2020) et al. reported an energy storage device using a red [Fe(phen)3]
2+ 

polymeric complex using 1,3,5-tris(1,10-phenanthroline)-benzene (L6) ligand, having a 

structure similar to their previous reports through CONASHs. The device was created using 

the electrochromic CONASH transferred onto ITO-poly(ethylene terephthalate) (PET) 

substrate, and sealed using Li+ gel electrolyte to a CE with spray-coated iron 

hexacyanoferrate on PET. The GCDs were nonlinear, which is characteristic of a 

pseudocapacitance-dominated charge storage mechanism, obtaining an areal capacitance 

of 2.34 mF/cm2 at 0.1 mA/cm2. Their material retrained 81% of its capacitance over 10000 

cycles, and was flexible up to 180oC of bending. Despite using an electrochromic 

CONASH, no information of the electrochromic performance was reported.98 

1.11.1 ECMs using Phosphonic Acid Moiety 

 
Figure 1.20) Referenced structures for seminal work in the group prior to this thesis using [2,2':6',2''-

terpyridin]-4'-ylphosphonic acid (L5) ligand as a templating layer.42-43, 51, 99 EDTA = 

Ethylenediaminetetraacetic acid. (Note: Structure 2016i is in solution while others are on solid supports.) 
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Previously, I had shown that an [Fe(tpy)2]
2+ complex terminated by a phosphonic acid 

group (L5 = [2,2':6',2''-terpyridin]-4'-ylphosphonic acid) could be chemically attached to 

the titanium dioxide (TiO2) surface-enhanced supports (SES) for selective chemical ion 

detection of iron(II) in water samples (Figure 1.20).42 L5 experienced selective color 

changes to pink with iron(II).99 Following this, I contributed to the seminal work by Allen 

et al. (2017) to create [Fe(L5)2]
2+-based and [Ru(L5)2]

2+-based ECMs using conductive ITO 

screen-printed SES on ITO/glass. The colored states (-1 V application) of the ECMs were 

pink or peach for iron(II) and ruthenium(II) complexes, correspondingly. Upon application 

of the electrochemical potential (+3 V), the monolayers experienced complete color 

bleaching. Notably, in this report, ECMs were successfully converted to the functional 

ECDs (by assembling with Li+ gel electrolyte and ITO/glass CEs). The iron(II) ECD 

demonstrated the best performance with a maximum ∆OD value of 55% and η of 148.6 

cm2/C. Moreover, the ECDs were stable for 48 h of switching cycles (N = 1500).51 In this 

work, the colorless L5 ligand was first deposited into the surface and reacted with the metal 

ion to create a corresponding colored metal complex on the surface of the ITO support. 

Therefore, due to steric constraints, not all ligands were able to uptake metal ions from 

solution to form colored complex and it was difficult to access exact metal-to-ligand 

stoichiometry on the surface. Shortly after this, I helped Poisson et al. (2018) create ECMs 

using L5 coordinated directly to the surface of ITO/glass. In this work, the L-by-L 

sequential deposition was used to propagate twelve layers of iron(II) tpy molecular wires 

on flat ITO/glass support. Two bis(tpy) ligand systems: linear and bent, were used to create 

linear or zig-zag coordination assembly, respectively. Due to the low available surface area 

on the flat ITO glass support, limited molecular loading was achieved (0.81 nm2 per 

molecule). While this is an average expected loading on the flat ITO glass supports 

consistent with many literature reports,100 the resulting electrochromic films consisting of 

12 coordination units demonstrated low ∆OD 1%, so the color changes were difficult to 

detect by the naked eye. However, the molecular wires allowed for efficient electron 

transfer, having a linear relationship between the peak current and sweep rate, and fast 

electron transport constants of 2.84 s-1 and 1.25 s-1 for the linear and bent ECDs, 

respectively.43  
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1.12 Thesis Objectives 

From in-depth literature analysis, it is clear that there is a demand for reliable 

procedures to create an effective, stable and high-performing ECM for a wide range of 

commercial applications. The need for inexpensive, scalable methodologies to create ECM 

is boosting research efforts in the area of metal-organic hybrid materials for electrochromic 

applications. Ideal technology will allow for the creation of effective ECMs based on 

minimum deposition cycles, and apply well-defined, inexpensive and widely available 

molecular building blocks to create stable surface-confined molecular architectures that 

support rapid electron transfer, high η and large ΔODs. The creation of the surface-

confined monolayers based on tpy-based complexes with later transition metals like iron, 

osmium, ruthenium and cobalt is a unique strategy to create new ECMs, ECDs and EESDs. 

Our group first reported on a monolayer-based tpy complex chemically embedded in the 

conductive support to create molecularly defined functional ECDs based on the single 

molecular layer and one deposition cycle. This thesis takes this very initial invention and 

develops it further to explore the full potential of the initial idea for the systematic design 

of ECMs with tailored properties and ultra-high performance. Thus, the current thesis is 

looking for answers to the following questions: Can monolayers based on metal-tpy 

coordination complexes be viable candidates for ECM and ECD design? How will the 

specific shape and structure of the monolayer tpy complex promote electron transfer within 

the ECM? Moreover, will the performance of tpy-based surface-confined monolayers 

surpass the performance of popular ECMs used today, such as systems applying inorganic 

metal oxides (e.g. WO3) or conductive polymers (e.g. PEDOT:PSS)? Can monolayer tpy 

coordination complexes be applied for the efficient EESD design? The overall intention of 

the thesis is to explore the influence of [M(tpy)2]
2+ coordination complex on the ECM’s 

performance by making structural modifications to each component of the ECM.  

At the commencement of this thesis, I was intending to improve the seminal ECMs 

using phosphonic acid moieties by creating ECMs that could experience the intense color 

changes characteristic of the materials on high surface area conductive supports, while 

incorporating the fast electron transfer characteristic of the ECMs self-assembled on flat 

surfaces. The ultimate goals were not only to improve the deposition conditions and 

develop general methodologies to make high-performing and ultra-stable ECMs able to 
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interconvert between colored to bleaches state, but also to develop ECMs capable of 

multiple color-to-color transitions within the same monolayer, and discover a way to 

incorporate these ECMs into device applications beyond ECDs, such as EESDs. I met the 

goal of these initial intentions, which will be demonstrated throughout the proceeding 

chapters.  
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Chapter 2. Ligand Impact on Monolayer Electrochromic Material 

Properties 

2.0 Preface 

Reproduced with permission from Laschuk, N. O.; Ebralidze, I. I.; Poisson, J.; Egan, J. 

G.; Quaranta, S.; Allan, J. T.; Cusden, H.; Gaspari, F.; Naumkin, F.; Easton, E. B.; Zenkina, 

O. V., Ligand Impact on Monolayer Electrochromic Materials Properties ACS Appl. Mater. 

Interfaces 2018, 10 (41), 35334–35343. doi:10.1021/acsami.8b10666. Copyright 2021 

American Chemical Society. 

This chapter highlights the feasibility for monolayer terpyridyl-based materials to be 

integrated into electrochromic materials (ECMs) on surface-enhanced conductive supports. 

The seminal report from the group introduced the concept of the surface confined metal-

organic monolayers for electrochromic devices (ECDs) using the [2,2':6',2''-terpyridin]-4'-

ylphosphonic acid ligand onto conductive screen-printed indium-tin oxide (ITO) 

nanoparticle (NP) supports, where in a subsequent step, iron(II) ions were added to form 

the electrochromic metal-complex in situ on the surface.1 The work highlighted in this 

chapter reports on direct covalent immobilization of molecularly well-defined iron(II) 

terpyridine complexes into conductive porous supports via siloxane based templating layer. 

This strategy allowed for the creation of robust ECMs with extended cycling durability (up 

to 70 h) and great performance. 

The work explored how slight changes in the ligand design for monolayer tpy-based 

ECMs change the specific electrochromic properties. In addition, the effects of molecular 

orientation and the charge distribution within the molecular layer on the ECM performance 

and stability for the color, coloration efficiency, and electron transfer properties were 

explored.  

2.1 Abstract 

In this study, we present a range of efficient highly durable electrochromic materials 

that demonstrate excellent redox and lifetime stability, sufficient coloration contrast ratios, 

and the best-in-class electron-transfer constants. The materials were formed by anchoring 

as little as a monolayer of predefined iron complexes on a surface-enhanced conductive 

solid support. The thickness of the substrate was optimized to maximize the change in 

optical density. We demonstrate that even a slight change in molecular sterics and 

https://pubs.acs.org/doi/10.1021/acsami.8b10666
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electronics results in materials with sufficiently different properties. Thus, minor changes 

in the ligand design give access to materials with a wide range of color variations, including 

green, purple, and brown. Moreover, ligand architecture dictates either orthogonal or 

parallel alignment of corresponding metal complexes on the surface due to mono- or bis-

quaternization. We demonstrate that monoquaternization of the complexes during 

anchoring to the surface-bound template layer results in redshifts of the photoabsorption 

peak. The results of in-solution bis-methylation supported by density functional theory 

calculations show that the second quaternization may lead to an opposite blue-shift (in 

comparison with monomethylated analogs), depending on the ligand electronics and the 

environmental change. It is shown that the variations of the photoabsorption peak position 

for different ligands upon attachment to the surface can be related to the calculated charge 

distribution and excitation-induced redistribution. Overall, the work demonstrates a well-

defined method of electrochromic material color tuning via manipulation of sterics and 

electronics of terpyridine-based ligands. 

2.2 Introduction 

Electrochromic materials (ECMs) possess redox-dependent optical properties that can 

be modified by an applied voltage. This optical change can be the evolution, loss, or 

variation of color. ECMs have recently become a research focus because of their high 

commercial applicability in smart windows, antiglare mirrors, and low-power displays. 

Furthermore, their proposed uses include optical memory devices, chameleon fabrics, and 

protective eyewear.2-3 A desirable ECM should demonstrate significant changes in optical 

density (OD) (also known as the coloration contrast ratio), sufficient redox, and lifetime 

stability.3 Other properties, such as the switching speed between color modes, may vary 

with the commercial application.2 ECMs are designed using a variety of scaffolds, such as 

metal oxides,4 viologens,5-6 conjugated conducting,7-8 colored,9-10 and fluorescent11 

polymers. Small organic molecules12-13 or transition-metal complexes (TMCs)14 can be 

deposited on an electrode or spread in various conducting polymers (or matrixes), resulting 

in ECMs. Although spreading technology is relatively simple and inexpensive, the 

properties of these ECMs are drastically dependent on the microenvironment and even 

small degradation of the conductive matrix leads to a drop in electrochromic (EC) 

properties. In contrast, direct deposition of EC TMCs on the conductive solid support by 
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dip coating, spin coating, or spray-casting results in ECMs that demonstrate high color 

differences and significant coloration efficiencies.15-18 However, the thickness of EC layer 

in these ECMs may reach up to 300 nm,16-17 reducing the atom efficiency. In addition, the 

impairment of the contact between the support and EC layer often results in materials’ 

property deterioration. On the contrary, layer-by-layer molecular deposition of TMCs on a 

solid surface prefunctionalized by a templating layer results in nanowires that demonstrate 

fast electron-transfer kinetics but often experience lower coloration efficiencies and require 

prolonged preparation times.19-20 To overcome some of these limitations, we have proposed 

ECM architecture that integrates a nanostructured substrate with as little as a monolayer of 

EC molecules, resulting in stable, durable materials with coloration efficiencies 

comparable to those of 3D metallo-supramolecular polymers.1 Although the properties of 

these materials were very promising, the exact molecular structures that were formed 

through this process were suggested but not unambiguously defined due to the formation 

of the metal complexes “in situ” on the surface. Further developing this methodology, we 

herein deposit predefined metal complexes on conductive porous support. We further 

optimize the design of porous support and discover the influence of the molecular sterics 

and electronics of TMCs bearing terpyridine (Tpy) metal-coordinating moieties on main 

EC properties of new materials. We show that subtle changes in ligand design have a large 

impact on color, the molecule’s orientation on the solid substrate, and thus on the EC 

properties of the system. The novel design allows fabrication of low-voltage operable 

materials with enhanced switching stability, significant coloration (ON/OFF) contrast, and 

sufficient coloration efficiencies. 

2.3 Experimental 

2.3.1 Materials and Instrumentation  

Chemicals, unless mentioned otherwise, were purchased from Sigma-Aldrich and Alfa 

Aesar. Indium tin oxide (ITO) 30 nm powder was purchased from Sigma-Aldrich. 

Disperbyk-111, a polyester copolymer functionalized with acid groups, was kindly 

provided by BYK Additives and Instruments, Germany. Deuterated solvents were 

purchased from Cambridge Isotope Laboratories. All reagents were used without further 

purification except dry solvents, which were bubbled with N2 for 15 min and left under an 

inert atmosphere with oven-dried molecular sieves for at least 24 h. For all reactions under 
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inert atmosphere, glassware was dried overnight at 130°C. For detailed synthetic 

procedures, see the SI (A2.1). 

Nuclear magnetic resonance spectra were measured using a Varian Mercury Plus 400 

MHz spectrophotometer. UV−vis spectra were measured using a Varian Cary 50 Bio 

UV−visible Spectrophotometer. Fourier transform infrared (FT-IR) measurements were 

measured using a Bruker’s FT-IR spectrophotometer ALPHA Platinum ATR. 

Thermogravimetric analysis (TGA) was conducted with a TA Instruments Q600 SDT using 

a heating ramp of 5 °C/min in air. Ball milling of ITO nanoparticle (NP) paste was 

performed using PQ-N04 planetary ball milling (by Across International) system equipped 

with 75 mL agate jars and 6 mm agate beads. To prepare ITO NP paste, the jars and beads 

(15 g per jar) were washed by 100% ethanol and dried. The following materials were added 

in the listed order to each jar: ITO powder (300 mg, 1.08 mmol), 2-[2-(2-

methoxyethoxy)ethoxy]acetic acid (60 μL, 0.39 mmol), Disperbyk-111 (15 μL), 2-

butoxyethanol (100 μL), a 50:50 wt/wt mixture of α-terpineol and butyl carbitol acetate 

(0.968 g), and 15% solution of poly(vinyl butyral) (PVB, molecular weight 40 000−70 000 

g/mol) in absolute ethanol (1 mL).  Note: 15% PVB solution had been premade by stirring 

the components at 50 °C for 48 h. Lastly, absolute ethanol (30 mL) was added to each jar, 

followed by agate beads. The sealed jars were ball-milled for 24 h at 200 rpm. After ball 

milling, the material was evaporated under reduced pressure for 2 h at 40°C to remove the 

excess ethanol. ITO NP paste screen-printing was performed using a 90 T polyester mesh 

screen (by Mismatic, Italy) to form 10 × 10 mm2 on ITO/glass substrate. The thickness of 

the film was adjusted by the layer-by-layer printing. Each layer was relaxed in a solution 

of 100% ethanol for 30 s and heated on a hot plate at 100°C for 5 min before the application 

of the next layer. Finally, the films were annealed by heating the sample (5°C/min) up to 

500°C, holding at that temperature for 1 h, then stepwise (5°C/min) increasing the 

temperature to 600°C and holding it for 1 h. Annealing was performed within a Fisher 

Scientific programmable muffle furnace. Long-term heating of the Fe(L1)2-functionalized 

ITO screen-printed film (SPF) was performed at 100°C in a VWR 1400E vacuum oven for 

14 days. For details of surface functionalization, see the SI. 

Electrochemical measurements for the durability tests with sweep rates from 200 to 1 

mV/s were performed using a Solartron SI 1287 potentiostat. A Pine bipotentiostat model 
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AFCBP1 was used to measure the sweep rate from 1600 to 10 mV/s. CorrWare and 

AfterMath software were used for each potentiostat, respectively. Three-electrode cell 

measurements were obtained using a Plate Material Evaluating Cell from Bio-Logic. The 

ITO screen-printed films (SPFs) served as the working electrode. The reference electrode 

used was Ag/AgNO3 (0.01 M) in a 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAHFP)/MeCN (anhydrous) solution. The TBAHFP/MeCN also served as electrolyte. 

A Pt wire was used as the counter electrode. The cell was purged for 10 min with N2 to 

remove any traces of oxygen. Durability tests were measured at 50 mV/s. All cyclic 

voltammetries (CVs) were swept from −0.355 to 1.14 V versus Fc/Fc+. For details of kET 

evaluation, see the SI. 

Spectroelectrochemical measurements were performed by connecting the ECM with 

ITO/glass substrate through a conductive electrolyte to form an electrochromic device 

(ECD). The electrolyte was prepared as follows: poly(methyl methacrylate) (700 mg), 

trifluoromethylsulfonamide lithium salt (300 mg), anhydrous acetonitrile (8.9 mL), and 

anhydrous propylene carbonate (1.7 mL) were added in an oven-dried glass vessel under a 

nitrogen atmosphere, and the mixture was vigorously stirred for 24 h, becoming a viscous 

liquid. Approximately 0.2 mL of this electrolyte was drop cast onto an ITO-SPF. The plate 

was placed into an oven at 60°C for 10 min before a second unmodified ITO plate was 

placed onto the electrolyte to create an electrochromic device.15 Chronoabsorptometry tests 

were run using both a Pine WaveDriver 10 potentiostat and PerkinElmer Lambda 750S 

UV−vis spectrophotometer. A Pine WaveDriver 10 potentiostat (operating AfterMath 

software) was used to switch the potential between −1 and +3 V. We define a time at which 

the sample is kept at the certain voltage as the hold time. The time of two successive holds 

(at +3 and −1 V) is defined as a cycle time. A PerkinElmer Lambda 750S UV−vis 

spectrophotometer (Lambda 750’s Scanning Quant software) operated in the diffuse-

reflectance mode, scanned the ECD while it was held at −1 V in an 800−350 nm range. 

Then, it scanned the same range while the ECD was held at +3 V. Afterward, the 

wavelength was fixed at λMLCT (Lambda 750’s Timedrive software) and the ECD was 

cycled for 30 cycles per speed (60 s hold, 30 s hold, 15 s hold, and 7.5 s hold, respectively), 

then 60 s hold (120 s/cycle) for 10 h. The chronoabsorptometric stability tests of complex 

1 (see below) deposited on 4 ± 0.2 μm thick ITO-SPF was performed for 46 h. 
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2.3.2 Calculations 

Calculations have been carried out using the density functional theory (DFT)/PBE0 

approach with the standard 6-31G(d) basis set for light atoms and LANL2DZ effective core 

potential and basis set for Fe.21 These were implemented in the NWChem package of ab 

initio programs.22 The single and double attachment to the surface has been simulated via 

a methyl radical or two, respectively, attached to the N atom(s) of the outer pyridine unit(s), 

with the extra positive charge or two added to the system. For all systems, full geometry 

optimizations have been carried out with no symmetry constraints. Upon the ground-state 

energy minimization, the photoabsorption wavelength was obtained from the vertical 

excitation energy (VE) calculated within the time-dependent (TD)-DFT approach with the 

same basis set. Calculated wave functions have been used to analyze the electron density 

distribution before and after the transition. The atomic charges have been obtained within 

the natural bond orbital formalism.23 

2.4 Results and Discussion 

2.4.1 Rational Design of EC Metal Complexes 

 
Figure 2.1) UV−vis spectra and schematic representation of the complexes (a) 1, (b) 2, (c) 3, and (d) 4 formed 

on a glass surface. 

Polypyridines form stable TMCs with a range of metal ions that experience intense 

redox-dependent coloration caused by metal-to-ligand charge transfer (MLCT).14, 24-26 If 

the metal center is in a low oxidation state (e.g., Fe2+), an MLCT transition may occur to 

low-lying acceptor orbitals of the pyridyl ligand. This process is accompanied by an intense 

color that is reflected in the UV−vis spectra showing strong and very broad absorption 

bands. Upon one-electron oxidation (e.g., Fe2+ → Fe3+), the metal center becomes electron 

poor and MLCT is prohibited.27 Tpy-based TMCs are advantageous to bipyridine-based 

ones in that they do not require enantiomer separation and have a simplistic two 

dimensional ligand-metal-ligand (M(L)2) geometry.28-29 The possibility to adjust some 
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specific properties that Tpy-TMCs demonstrate in solution via substitution beyond the Tpy 

core and the impact of the ligand design on EC properties for Tpy-TMCs in solution have 

been previously reported.14, 30 However, the structure and properties of materials that utilize 

polypyridines anchored to the solid surfaces are still very difficult to control and predict a 

priori, due to several factors, including control over intermolecular interactions, packing, 

and molecular orientation.31 Having this in mind, we focused at iron complexes of four 

Tpy-bearing ligands L1−L4 covalently attached to a hydroxylated surface via a 

conventional chlorobenzylsiloxane-based templating layer (Figure 2.1). The change in 

steric and electronic properties through the series of ligands is expected to produce 

materials with different molecular surface packing, different colors, electrochemical 

properties, and redox stability. The deposition of iron(II) complexes of ligands L1 and L2, 

which are positional isomers, and L3 and L4 that bear enhanced aromatic rings on a glass 

surface results in the appearance of the characteristic MLCT bands that are red-shifted from 

those in solution (SI Figure 2.9). 

The MLCT peaks of iron(II) complexes made from quaternized (N-methylated) ligands 

L1 to L4 in acetonitrile solution are 5−8 nm red-shifted from the corresponding complexes 

made from nonmethylated ligands (SI Figures 2.9-2.10). Interestingly, the deposition of 

nonmethylated complexes on a chlorobenzylsiloxane-pre-modified glass surface results in 

the formation of monoquaternized complexes (Figure 2.1) and the functionalized surface 

demonstrates further redshift. The largest MLCT peak shift from solution to film was 

observed for the complex Fe(L1)2
2+ (complex 1) having translated 30 nm. This suggests 

that the observed redshifts from solution to a substrate were caused to a large extent by 

quaternization’s impact on the Fe(L1)2
2+ complexes as well as by the environmental change 

(see the results of DFT calculations below). 

2.4.2 Optimization of Conductive Porous Supports 
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Figure 2.2) Scanning electron microscopy and optical images of the complex 1 deposited on ITO-SPF support 

of different thicknesses: (a) 2 ± 0.1 μm, (b) 3 ± 0.2 μm, (c) 4 ± 0.2 μm, (d), and 6 ± 0.5 μm, and (e) 

representative high-magnification top view. Scale bars are 2 μm. 

Further, we have deposited iron(II) complexes onto chlorobenzylsiloxane-templated 

conductive surface-enhanced indium tin oxide (ITO) nanoparticle (NP) screen-printed 

films (ITO-SPFs). Screen-printing, a technique widely used for the manufacturing of solar 

cells, is beginning to be used for the development of EC materials. To discover the 

influence of the thickness of conductive porous support on the properties of the material, 2 

± 0.1, 3 ± 0.2, 4 ± 0.2, and 6 ± 0.5 μm thick porous supports (Figure 2.2) were fabricated 

by screen-printing and annealing the ITO paste on ITO-covered glass. A high temperature 

is required to burn out nonconductive organics from the paste and for sintering the ITO 

nanoparticles to reach better conductivity.32 

 
Figure 2.3) Absorbance at the MLCT for the complex 1 deposited on ITO-SPF support when switching 

between redox states (chronoabsorptometry by applying +3 and −1 V) for 30 × 60 s hold (120 s cycle), 30 s 

hold (60 s cycle), 15 s hold (30 s cycle), and 7.5 s hold (15 s cycle) using: (a) 2 ± 0.1 μm, (b) 3 ± 0.2 μm, (c) 

4 ± 0.2 μm, and (d) 6 ± 0.5 μm thick substrates. 

Colorimetric analysis of materials bearing complex 1 according to the L*a*b* standard 

shows a minor difference in color. The color of the 2 μm thick film functionalized by 1 is 

L* = 54.5, a* = −19.6, and b* = −2.5. With the increase of the support thickness, the 

lightness (L*) of the film remains similar just insignificantly increasing, the red (positive 

a*) component increases by reducing the greenish-gray (negative a*) component, and the 

yellow component (positive b*) slightly decreases. In fact, the color difference between 3, 

4, and 6 μm thick materials is hardly visually distinguishable and can be described as a 

Horizon-Blue color.33 Like the glass substrate, diffuse-reflectance UV−vis of the complex 

1 deposited on ITO-SPFs shows a distinct MLCT peak at 600 nm. Switching between the 

iron(II) and iron(III) redox couple by applying double potential steps as a function of time 

(chronoamperometry) caused a cyclic bleaching, then return of color, and these are 

regarded as the “OFF” and “ON” modes, respectively. The assembly of EC devices (ECDs) 

was performed by covering functionalized supports with a gel electrolyte and a counter 
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ITO electrode, as previously reported,15 to give corresponding solid-state devices (SI 

Figure 2.11). The largest change in optical density (ΔOD) equal to the change of 

absorbance during the switch was determined for 60 s holds while slightly decreasing with 

shorter holds (Figure 2.3). ΔOD gradually grows with the support thickness increase from 

12% for 2 μm support to 28% for 4 μm support. Further thickness increase does not 

improve ΔOD. The sheet resistance of functionalized ITO-SPFs remains similar (254 ± 23 

Ω/sq) for all 2−6 μm thick ECMs. 

Although the electron-transfer properties determined for all of these materials are very 

promising (SI Table 2.1), complex 1 anchored to 4 μm thick films shows the best electron-

transfer constant of 4.7 s−1 determined for a three-electrode assembly (Laviron method) 

and 4.3 s−1 for a two-electrode solid-state device (chronoamperometry). Considering the 

above, a 4 μm thick support was recognized as optimal. A material formed by the 

deposition of complex 1 onto chlorobenzylsiloxane-templated 4 μm thick ITO-SPFs was 

designated as ECM 1. Other complexes (2−4) were deposited similarly on 4 μm thick ITO-

SPFs to give ECMs 2−4, respectively (SI Figure 2.17). The colors of the materials 

assembled into solid-state devices were identified by the L*a*b* standard and color name 

and hue33 (Table 2.1) and are visualized in Figure 2.4. 
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Figure 2.4) Change in absorbance when switching between Fe2+ (reduced) and Fe3+ (oxidized) states by 

applying +3 and −1 V, and representative normalized X-ray photoelectron spectroscopy (XPS) spectra 

showing the Fe 2p and N1s, regions for ECM 1: (a-c), for ECM 2: (d-f), for ECM 3: (g-i), and ECM 4:  (j-l). 

The insets show photographs of the materials assembled into solid-state devices used for spectral 

electrochemistry. 

Table 2.1) L*a*b* and Color of ECMs Assembled into Solid-State Devices 

ECM L* a* b* color name and hue 

1 45.8 -9.4 2.5 sirocco/green 

2 32.3 6.1 -3.8 purple taupe/gray 

3 42.3 0.9 6.7 dorado/brown 

4 39.3 10.3 -1.9 falcon/brown 

 

2.4.3 In–Depth Analysis of New Material Properties 

Similar to ECM 1, a reversible EC behavior is observed for the Fe2+/3+ couples in ECMs 

2−4. All ECMs experienced dissimilar redox potentials owing to the strength of their 

electron donating groups, as well as their orientation on the surface. The half-wave 

potential (E1/2) determined at 50 mV/s for complexes 1−4 is equal to 0.70, 0.71, 0.68, and 

0.57 V (vs Fc/Fc+), respectively (SI Figure 2.18). The durability of all four materials is 

very good, and the peak current just insignificantly decreases after 400 cycles compared 

with the 50 cycle durability test (SI Figure 2.19). The peak current density plotted against 

sweep rates demonstrates a linear relationship; thus, the redox process was surface-

confined (SI Figure 2.20). The peak currents plotted versus square root of the sweep rates 

were nonlinear. Therefore, the process was not a simple diffusion-controlled reaction and 
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was more in line with thin-layer behavior16 (SI Figure 2.21). The dependence of the EC 

film color on the core metal’s oxidation state was observed visually and through UV−vis 

spectroscopy when switching between the Fe2+/Fe3+ redox couple (Figure 2.4). 

The largest ΔOD of 30% was demonstrated by ECM 2, whereas ECMs 3 and 4 have 

ΔOD of 19 and 24%, respectively. These values are in the range but still slightly less than 

those of ΔODs observed for monolayer ECMs fabricated by the submerging of the ITO-

SPFs into aqueous solutions of phosphonate-terminated Tpy, followed by the formation of 

related iron complexes.1 This might be due to the fact that not all of the surface area of 

ITO-SPF support, which is accessible to phosphonate-terminated Tpy, is reachable by the 

more bulky preformed Fe(L2) complex. This statement as well as a monolayer nature of 

the materials is consistent with the relatively small packing density derived from 

electrochemical data (SI  Equation 2.1).34 

The deposition of chlorobenzylsilane on a flat silicon oxide surface, followed by the 

reaction with corresponding complexes results in the formation of flat functionalized 

surfaces with virtually no agglomerates (SI Figure 2.26). During the deposition process, 

the substrate is immersed into chlorobenzylsilane solution, upon which molecules form 

similar layers on the surface of SPFs and on the backside of the glass slide. Further 

treatment of the substrate results in the deposition of the corresponding colored iron(II) 

complex on both conductive SPFs and nonconductive backside glass surfaces. Applying 

the potential to the conductive surface results in the colorimetric switch. However, the layer 

on the nonconductive glass side retains the color (the MLCT peak at Figure 2.4 is not 

completely vanished), thus lowering the ∆OD. 

The terminating nitrogen atom in each complex enables a strong chemical bond to join 

the corresponding well-defined metal complexes to the chlorobenzylsilane template layer, 

resulting in strength superior to ECMs previously synthesized with the phosphonic acid 

linker.1 Moreover, stepwise deposition of a ligand and metal on a nonflat porous surface 

may result in a mixture of complexes with 1:1 and 1:2 metal−ligand stoichiometry. In 

contrast, deposition of a preformed complex leads to the formation of a molecular layer 

with a defined molecular structure. In addition, the adjoining nitrogen atom becomes 

quaternized, which can enhance electron transfer within the material and add an additional 

redox site for electron donation.35 To get a better idea about the deposition of the EC 
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molecules on the ITO-SPF surface, X-ray photoelectron spectroscopy (XPS) analysis of 

ECMs 1−4 was performed.  

Deconvolution of the Fe 2p region of the spectra using a Powell peak-fitting and Smart 

baseline correction algorithms gives peaks at 710 and 722 eV typical for Fe 2p3/2 and Fe 

2p1/2, respectively. These values are characteristic for similar Fe2+ complexes.36 Two other 

peaks at 704 and 717 eV belong to In 3p1/2 and Sn 3p3/2, respectively. The photoelectron 

escape depth defined as a product of multiplication λe cos θ, where λe is inelastic mean free 

path and θ is the angle measured from the normal to the surface,37 in ITO is 1.2 nm,38 which 

is much smaller than the ITO support thickness. That is why the Fe/Sn ratio determined 

from the corresponding peak areas applying Wagner’s atomic sensitivity factors39 will 

characterize the thin on-surface layer’s stoichiometry, underestimating the amount of Sn in 

the bulk. Nevertheless, these ratios will allow evaluating the trend in the loading of the 

complexes on the ITO-SPFs. The highest Fe content (Sn/Fe ratio of 1.0:1.7) was found in 

ECM 1, whereas the lowest (Sn/Fe ratio of 1.0:0.6) was observed in ECM 2. The Sn/Fe 

ratios of 1.0:0.9 and 1.0:1.5 were determined for ECMs 3 and 4, respectively. Relatively 

high loadings of complexes 1 and 4 can be explained by less steric hindrance of the reacting 

4-pyridyl moiety when compared with bulky 4-quinoline moiety of complex 3 and 

relatively small angles from the normal40 when compared to complex 2. Deconvolution of 

the nitrogen signal shows peaks at 400 eV (characteristic for aromatic nitrogen) and at 402 

eV (typical for N+). Peak area analysis gives N/N+ ratios as 6.8:1.0, 6.6:1.0, and 6.9:1.0 for 

ECMs 1, 3, and 4, respectively. These ratios confirm that only one nitrogen atom of the 

complex molecule has reacted with the surface-anchored templating layer. In contrast, 

N/N+ ratio of ECM 2 of 3.2:1.0 suggests that the templating layer reacts with both 3-

pyridine moieties of complex 2, resulting in the molecular orientation almost parallel to the 

surface. This is in line with the smallest Fe content on the ECM 2 surface. Optical 

absorption of the complex 1 MLCT band in solution was reported to increase with each N-

protonation achieved by NO+ stepwise addition by 13% (for mono-) and 34% (for bis-

protonated) increases in molar absorptivity, respectively.41 Therefore, even though the 

molecular orientation of complex 2 molecules is almost parallel to the surface, explaining 

smaller (in comparison to complex 1) loading of complex 2 on the surface, the above-
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mentioned increase of molar absorptivity related to bis-N-alkylation leads to the largest 

∆OD in ECM 1−4 series. 

 
Figure 2.5) Chronoabsorptometry of (a) ECM 2, (b) ECM 3, and (c) ECM 4 assembled into solid-state devices 

at different switching times. (d) Chronoabsorptometric stability of ECM 1: continuous ON−OFF switching 

of the solid-state device during 46 h. (e) Chronoabsorptometry of the solid-state device assembled from oven-

exposed ECM 1 (see the main text for details). These experiments were carried at λ = 600 nm for ECM 1 and 

λ = 580 nm for ECMs 2−4. The applied potentials are +3 and −1 V. 

Spectroelectrochemical properties of ECMs 2−4 were studied by applying double 

potential steps as a function of time for the corresponding solid-state devices 

(representative profiles of current and potential change over time are shown in Figure S19). 

Similar to ECM 1 (Figure 2.3, see above), the largest ∆OD is observed for the materials 

2−4 with 60 s holds while remaining quite stable down to 15 s, which is comparable to ion 

gel-based ECDs.42 The response times (time taken to reach 95% of the maximum 

absorbance)16 determined at 60 s holds are 0.50, 0.48, 0.75, and 0.63 s for ECMs 1−4, 

respectively (SI Table 2.2). There is an apparent decrease in the ∆OD for all materials with 

7.5 s holds (Figure 2.5). All materials assembled to get solid-state ECDs show superior 

stability over 12 h (more than 400 cycles) of continuous switching (Figure 5). Moreover, 

optical properties of ECM 1 (Figure 2.5D) remain exceptionally stable, showing just 
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insignificant deterioration observed after 46 h of continuous switching. A solid-state ECD 

assembled using 2 ± 0.1 μm thick ITO-SPF prefunctionalized by complex 1 demonstrates 

similar stability during 68 h (SI Figure 2.28). 

The slight increase in the time required to reach the maximum and minimum absorption 

and a little growth of the minimum absorbance values (absorbance background) within 

long-term cycling are associated with the irreversible reduction of ITO/glass counter 

electrode by the Li ions of the gel electrolyte.43 Notably, when after 46 h of continuous 

switching the ECM 1 device is dismantled, the brown residue is found on the counter 

electrode (attached ITO/glass substrate) but not on the original ITO-SPF (SI Figure 

2.29D,E). The replacement of the gel electrolyte and the counter electrode allows for the 

rapid return of the switching profile. Thermogravimetric analysis of complexes 1−4 shows 

that the molecules are stable at least up to 250°C (SI Figure 2.30). Thermal stability of the 

materials was verified by placing ECM 1 into an oven at 100°C for 14 days. The solid-state 

device assembled from oven-exposed material shows just a minor decrease of ΔOD (Figure 

2.5E). In addition, ECM 1 demonstrates excellent EC memory. Optical or EC memory 

(also called open-circuit memory) is defined as the propensity of the material to retain its 

redox/colored state upon removing the external bias.44 As opposed to emissive 

technologies such as light-emitting diodes and light-emitting electrochemical cells, energy-

saving ECD should exhibit the desired color characteristics when powered off. Meeting 

this requirement, the ECM 1 demonstrates excellent color stability in colored (reduced) 

state during at least 1 year, whereas the colors of ECMs 2−4 are stable for at least 6 months. 

On the contrary, switching off the potential at the bleached (oxidized) state leads to rapid 

(less than 100 s) color recuperation of the materials (SI Table 2.3). 

Table 2.2) Electron-Transfer Rate Constants and Electrochromic Properties of the Materials 

 

ECM 

kET (s-1)  

∆E 

 

∆OD (%) 

 

λ (nm) 

 

ηmax (cm2/C) three-electrode cell solid-state device 

1 4.7 4.3 42.3 28 600 289 

2 3.5 3.6 36.4 30 580 585 

3 4.4 2.9 29.0 19 580 423 

4 3.8 3.4 34.8 24 580 277 

The electron-transfer rate constants (kET) through the layer were determined separately 

for each ECM in both a classical three-electrode cell employing a liquid electrolyte and the 

two-electrode solid-state devices (SI Figure 2.24-2.25 and SI Equation 2.2-2.3). Both 
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methods yield similar values (Table 2.2), indicating that the solid-state device 

configuration is highly efficient and able to promote near-ideal electron-transfer kinetics. 

For monolayers deposited on a flat surface, the electron-transfer kinetics is highly 

dependent on the minor changes in the molecular structure and on the molecular orientation 

on the surface. Thus, electron-transfer rate constants were reported to increase when 

increasing the tilt angle between the molecular axis and the surface normal.45 Interestingly, 

for bis(Tpy)−iron complexes that do not bear extra pyridine rings and are anchored to a 

Si(111) surface via a double bond, the presence of an additional phenylene spacer between 

the Tpy unit and anchoring double bond results in electron-transfer acceleration.46 In 

contrast, materials based on spin-coated layers of metal polypyridyl complexes 

demonstrate significantly slower electron-transfer kinetics.16 The results of electrochemical 

impedance spectroscopy of all materials are given in the SI. The charge-transfer resistance 

values of ECMs 1−4 are comparable with those of viologen electrochromic system reported 

by Vergaz et al.47 at their respective half-wave potential. 

The color difference, ΔE, was calculated as the difference in all three color coordinates 

at two ON and OFF states for each EC material,48 as in SI Equation 2.5. The changes in 

optical density (ΔOD) equal to the change of absorbance during the ON−OFF switch are 

summarized in Table 2.2. These values are just slightly smaller than those reported for the 

Fe-related ΔODs of Fe/Ru bimetallo-supramolecular polymers prepared by a spray-coating 

method on ITO glass17 and comparable with corresponding values of 30 nm thick Fe/Pd 

metalorganic polypyridine complexes grown on a flat ITO substrate via 6−8 deposition 

steps.15 

The coloration efficiency, η, was defined as the relationship between the ∆OD of the 

film between its colored and bleached states at a certain wavelength λ, versus the 

corresponding charge density (Qd), as in SI Equation 2.6. The coloration efficiency of 

operating EC devices ηmax was determined from the coloration efficiency versus charge 

density plots (SI Figure 2.37). Generally, the η values of less than 100 cm2/C are often 

reported for inorganic ECMs.49-50 The relatively low charge needed to switch between the 

redox states of ECMs 1−4 results in promising coloration efficiencies on par with Fe/Ru-

based bimetallo-supramolecular polymers,17 Os-bypyridine-based self-propagating 
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molecular assemblies,51 and even spin-coated metallo-organic assemblies of metal (Fe, Ru, 

and Os) polypyridyl complexes connected through d8 palladium centers.16 

Table 2.3) Vertical Excitation Energies and Corresponding Photoabsorption Wavelengths 

system VE (eV) λ (nm) 

L1 4.092 303 

[Fe-(L1)2]2+ 2.141 579 

[Fe-(L1)(L1-CH3)]3+ 1.781 696 

[Fe-(L1-CH3)2]4+ 2.094 592 

L2 4.093 303 

[Fe-(L2)2]2+ 2.14 579 

[Fe-(L2)(L2-CH3)]3+ 2.126 583 

[Fe-(L2-CH3)2]4+ 2.106 589 

To get a better understanding of the influence of the ligand environment on the MLCT 

band, DFT calculations were performed. The bathochromic shift of MLCT band upon 

quaternization52 (including protonation or methylation)40 of the pyridine group-bearing 

compounds has been previously reported in solution. Reacting complex 1 in anhydrous 

acetonitrile with NO+, Mondal observed 17 or 21 nm redshift of the MLCT band when 

applying 1 or 2 equiv of NO+, respectively.40 Since DFT calculations play an important 

role in obtaining a more precise assignment of vibrational as well as electronic transitions 

of the complexes, mono- and bisquaternization of complexes 1 and 2 were simulated via 

one or two methyl moieties, respectively, attached to the N atom(s) of the outer pyridine 

unit(s). For all systems, full geometry optimizations have been carried out with no 

symmetry constraints. The results of geometry optimization are given in the SI. The TD-

DFT calculations at the optimized geometries have produced the vertical excitation 

energies (VE) and photoabsorption wavelengths listed in Table 2.3. 

The VE value considerably reduces (by about 0.4 eV) when the complex 1 is 

monomethylated but almost completely recovers (within 0.05 eV) in the bis-methylated 

case. This translates into the redshifts of the photoabsorption peak by about 120 and 13 nm, 

respectively. For the complex 2, however, the VE values reduce more weakly and 

gradually, with no significant drop for the monomethylated species. Accordingly, the 

photoabsorption peak redshifts gradually and slightly, within 10 nm. 

To interpret the above features of the photoabsorption peaks, wave functions of the 

systems have been analyzed. For [Fe-(L1)2]
2+, the highest occupied molecular orbital 

(HOMO) concentrates in the outer pyridine units, whereas the lowest unoccupied 
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molecular orbital (LUMO) is dominated by Fe and the axially located N and C atoms 

nearest to it. Upon the vertical transition, the electrons are transferred from the periphery 

to the center of the system. For the [Fe-(L1)(L1-CH3)]
3+, the LUMO and HOMO are 

contributed predominantly by the attached pyridine unit and the remote outer one, 

respectively. The excitation thus drives the electrons from one end of the system to the 

other, effectively toward the surface the system is attached to. If the complex 1 is bis-

quaternized resulting in [Fe-(L1-CH3)2]
4+, the HOMO is heavily concentrated on Fe, 

whereas LUMO is dominated by the entire axial set of atoms (except the C atoms of the 

attached methyl moieties) stretching across the system. Hence, upon the excitation, the 

electrons move from the center to the periphery of the complex, thus again in effect toward 

both points of attachment. In particular, this is opposite in direction to the nonmethylated 

system. The HOMO−LUMO gap has narrowed from 3.81 to 2.04 eV and then almost 

recovered at 3.68 eV for the free, mono-, and bis-methylated species, respectively, 

generally correlating to the evolution of VE above. Qualitatively similar evolution, 

although with significantly smaller gaps (and weaker recovery), was previously observed 

upon the analogous attachment of NO to the complex.41 

The above results can be correlated to the predicted behavior of the photoabsorption 

peaks. In the cases of the free and bismethylated complex, the charge is transferred for 

shorter distances (between the center and ends) as compared with the monomethylated case 

(from end to end). Assuming a qualitative analogy to the particle in a box, the larger space 

(box size) available for the particle to move in implies smaller gaps between the energy 

levels and therefore longer corresponding photoabsorption wavelengths. As the reason for 

such charge movements in the different cases, we could identify the system symmetry, 

distorted for the monomethylated complex. Single quaternization resulting in the 

attachment to the surface by one end polarizes the system, creating an electrostatic gradient 

along its whole length. This can be supported by the calculated charge distribution showing 

the total charge on the methylated ligand 1 more than twice than that on the nonmethylated 

L1 (SI Figure 2.38). 

For the iron complex of L2 counterparts, the following variations from the terpyridine-

based species are noted. In [Fe-(L2)2]
2+, the HOMO is now partially contributed by Fe; 

however, the overall electron transfer from the periphery to the center remains. In the 



65 

 

monomethylated [Fe-(L2)(L2-CH3)]
3+ species, the similar end-to-methylated-end electron 

transfer occurs with a lower amplitude, since the (central) N atom nearest to Fe now 

contributes to the LUMO. When the system is attached to the surface by both ends, the 

LUMO now has a remaining contribution from Fe and larger contributions from the off-

axis atoms. These alterations affect the photoabsorption peak position weakly (within 3 

nm) for the symmetric species. However, the smaller shift of the charge along the system 

correlates to the effectively canceled stronger redshift for the asymmetric (singly attached) 

case. For this case, from the viewpoint of the charge distribution, the most pronounced 

variation occurs for the surface-bound pyridine unit that is notably less charged, the 

difference reaching 0.15e. The accordingly weaker electric field is consistent with the 

smaller electron transfer upon the transition. 

For comparison, SI Figure 2.38 shows the charge distributions for the free and bis-

methylated L1-based complexes. As can be seen, the charge concentrates in, respectively, 

the central and peripheral regions of these symmetric systems. This is consistent with the 

above electron density shifts upon excitation, toward the more positive regions in both 

cases. In particular, the charges on the pyridine units vary weakly among the systems 

(including the singly attached one), except between the free and methylated outermost unit. 

2.5 Conclusions 

Terpyridine-based molecules bearing additional pyridine, quinoline, and 

phenylpyridine rings were used as coordinating ligands to form iron(II) complexes. A 

monolayer of the corresponding complex was formed on a surface-enhanced conductive 

support via conventional silane chemistry. The support was successfully constructed using 

a unique method of screen-printing of commercially available ITO NPs to form ITO-SPFs. 

The thickness of ITO-SPFs functionalized by complex 1 was optimized to maximize the 

change in optical density during chronoabsorptometry. The optical properties of ECMs 

were characterized using spectral electrochemistry, whereas redox properties were 

analyzed using cyclic voltammetry (CV) and chronoamperometry, both applying multiple 

cycling speeds. Further, electron-transfer kinetics was determined by the Laviron (three-

electrode cell) and chronoamperometry (two-electrode cell) methods, in solution and solid-

state assemblies, respectively. The electron-transfer constants determined by both methods 

are in good agreement and confirm very fast electron-transfer kinetics for all four materials. 
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All of the ECMs obtained demonstrate similar electron-transfer kinetics and durability; 

however, the bis-quaternized ECM 2 is slightly more efficient at switching between redox 

states at fast (7.5 s hold) speeds compared with ECM 1. Distinct color change between 

reductive and oxidative modes was observed for all materials with stability over 12 h of 

cycling and up to 46 h for ECM 1. The ligand sterics and electronics play an important role 

in the color of the materials. Four terpyridine-based ligands when reacted with Fe(II) form 

complexes with a wide range of colors that can be fine-tuned by the terminal N-alkylation. 

The later variations of optical properties were matched well by the DFT/TD-DFT 

calculations of photoabsorption wavelengths and interpreted in terms of the charge 

distribution before and after the excitation. The relevant spectral shifts were correlated to 

the extent of the charge redistribution upon the excitation, which exhibited ligand-

dependent sensitivity to the surface attachment. 
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Chapter 3. Spacer Conjugation and Surface Support Effects in 

Monolayer Electrochromic Materials 

3.0 Preface 

Reproduced with permission from Laschuk, N. O.; Obua, A.; Ebralidze, I. I.; 

Fruehwald, H.; Poisson, J.; Egan, J. G.; Gaspari, F.; Easton, E. B.; Zenkina, O. V., Spacer 

conjugation and surface support effects in monolayer electrochromic materials. ACS Appl. 

Electron. Mater. 2019, 1 (8), 1705-1717. doi:10.1021/acsaelm.9b00408. Copyright 2021 

American Chemical Society. 

This work continues to explore minor structural modifications of the 2,2’:6’,2”-

terpyridine(tpy)-derived ligand on the properties of the electrochromic materials (ECMs) 

made of the monolayer of corresponding iron(II) complexes. Here, we explore changes in 

the conjugation of bridges between the tpy unit and terminating pyridine unit using C-C, 

C=C, and C≡C moieties. The change in conjugation impacts the observed ECM’s color and 

electrochemical redox potential are altered, among other electrochemical properties. 

In addition, the role of the conductive support on the electrochromic (EC) properties of 

the resulting devices was hereby explored. Notably, the factors such as the substrate’s 

surface area and wettability enhance the electrochromic properties through the 

improvement of the conductivity at the working electrode. Specifically, indium tin oxide 

(ITO) and fluorine-doped tin oxide (FTO) nanoparticle-based surface-enhanced supports 

were explored. The chemical nature of the support and the size of the nanoparticles were 

varied to create ultra-durable ECMs with ultra-high coloration efficiencies.  

Because the materials exhibit capacitive behavior, a key property for energy storage, 

the potential of the materials to be applied for electrochromic energy storage is probed. The 

best systems can light up a red and yellow light-emitting diode (LED) for an instant. 

3.1 Abstract 

Electrochromic (EC) materials that change their color under applied voltage are a 

rapidly growing segment of “smart” materials. Recent and potential applications of EC 

materials include “smart” windows, a range of optoelectronic, energy conversion, and 

indication devices that require miniaturization, easy integration, and sustainable 

development. This can be achieved by forming just a monolayer of EC molecules on a 

conductive support with a large surface area (i.e., surface-enhanced conductive support). 

https://pubs.acs.org/doi/abs/10.1021/acsaelm.9b00408
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In this study, we have developed a range of supports by screen-printing two commercial 

indium tin oxide (ITO-30 and ITO-50) nanoparticles and synthesized fluorine-doped tin 

oxide (FTO) nanoparticles on ITO/glass and FTO/glass substrates. We have discovered the 

influence of spacer conjugation (single, double, and triple bond) in the terpyridine-based 

iron complexes anchored as EC monolayers, on the properties of EC materials. Resulting 

materials demonstrate fast charge transfer kinetics and a significant color difference that 

depends on both the nature of the ligand and substrate. Solid-state EC devices (ECDs) 

demonstrate a noticeable optical difference in colored and bleached states (ΔOD), 

enhanced spectroelectrochemical stability, and exceptional coloration efficiency. Electron 

mobility and EC memory are heavily impacted by the substrate. Moreover, sufficient 

values of pseudocapacitance and the ability to power up an LED suggest potential 

applications of these materials in dual-function EC supercapacitors. Density functional 

theory (DFT) and time-dependent density functional theory (TDDFT) calculations have 

been employed to support the experimental findings in terms of geometries, electronic 

structure, interpretation of photospectra, charge distributions, and transfer, revealing 

significant variations between the ligands. 

3.2 Introduction 

Organic and organometallic monolayers have been playing a very important role in 

technology because of a variety of useful functionalities they impart to the surface. Early 

works on thiol-based molecules have demonstrated that by controlling the composition of 

the monolayer, it was possible to control simultaneously surface hydrophilicity.1 Fine-

tuning both the surface-anchoring2 and functional groups3 can result in monolayers with 

enhanced molecular recognition abilities,4 and monolayers with both semiconducting and 

photoluminescence properties.5 A step-by-step building of molecularly precise layers by 

the combination of metal ions and bridging ligands using the monolayer as a template 

results in the formation of molecular wires.6-7 The characterization of electrical properties 

of single molecules or molecular wires can be performed by the construction of molecular 

junctions (i.e., electrode|molecule|electrode structures).8 Electron transport within the wire 

is essential to achieve efficient and miniaturized dye-sensitized solar cells as well as 

electronic and electrochromic (EC) devices. Thus, the influence of size9 and conjugation10 

of a spacer and the order of location of metal ions11 within the wire was shown to be very 
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important for the electron transfer and overall the efficiency of molecular electronic 

devices. By altering the conjugation and incorporating noncoordinating heteroatoms into a 

bidentate polypyridyl ligand in [Ru(bpy)2(N−N)]2+ complexes (where bpy = 2,2′-

bipyridine; N−N is a bidentate polypyridyl ligand), Meyer has demonstrated that lowering 

the π* orbitals on the N−N ligand results in more positive Ru3+/2+ redox potentials and a 

red shift in the lowest energy metal-to-ligand charge transfer (MLCT) absorption.12 

Therefore, by adjusting the ligand electronics, both electric and optic responses of the metal 

complex can be fine-tuned.13 Incorporating a [Ru(bpy)3]
2+ motif to modify indium−tin 

oxide (ITO) with a Co(III)/Ru(II)/Fe(II) triad and irradiating the assembly at a bias of 0.12 

V (to maintain a Co(III) state, thus making it a good electron acceptor toward the excited 

state of [Ru(bpy)3]
2+*),14 Chauvin observed the generation of an anodic photocurrent in the 

presence of a tertiary amine as a sacrificial electron donor.15 The back electron transfer 

within the ITO/[Co(II)−Ru(III)−Fe(II)]7+ assemblies is short-circuited either by a fast 

electron injection from the Co(II) center to the ITO electrode at 0.12 V and/or by an 

efficient electron transfer process from the Fe(II) subunits to the Ru(III) center (ΔG = −200 

mV). A sacrificial electron donor in solution reduces the Fe(III) unit to its original redox 

state, closing the cycle. In more complicated sequence-dependent molecular layer-by-layer 

assemblies, the pathway of electron transfer can be controlled by tuning the 

surface−interface thickness of the molecular components.16 Utilizing this approach, Lahav 

and van der Boom have varied the thicknesses of layers of Ru and Co complexes 

successively deposited onto an ITO flat surface to get an EC device that can shift redox 

properties under light irradiation.17 This elegant approach allows control of (to open or 

keep closed) the electron-transport channel in EC materials and therefore opens the door 

for reversible energy storing devices that can undergo light-triggered charge release 

simultaneously accompanied by the device color change. 

Traditional EC materials are based on relatively thick layers of organic,18-20 

organometallic,6, 21 or inorganic22-24 compounds or composites25 that change their 

absorbance or reflectance through an electrochemical redox process.26 Among others, 

terpyridine (tpy)-based ligands have been shown to form stable complexes with a wide 

range of metal ions in different oxidation states.7, 14-15, 27 Since the seminal works by 

Constable,28-29 the synthetic methodology of tpy derivatives has been significantly 
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improved.30-32 In contrast to bpy-based asymmetric ligands that often form a mixture of 

facial and meridional isomers, tpy-containing ligands are structurally more appealing, 

because they form well-defined six-coordinate cationic Fe(II),33 Co(II),34 Ru(II),35 and 

Os(II)36 complexes where two ligating moieties are situated in an orthogonal fashion. 

Introducing two or more tpy moieties into one ligand leads to a range of molecules that can 

form metallo-supramolecular coordination polymers (MSCPs) in the presence of 

corresponding metal ions. Using this strategy, Kurth has recently developed Ru, Co, and 

Fe MSCPs. Dip-coating these polymers on FTO/glass surfaces results in 200 nm thick films 

that demonstrate high optical contrasts and coloration efficiencies.37 The alteration of the 

spacer between chelating tpy moieties in MSCPs results in the change of π−π* and MLCT 

transition bands and thus can be used for precise fine-tuning of ECM color. Moreover, the 

spacer has a significant influence on the molar absorptivity of MSCPs.37-38 Although 

deposition of preformed MSCPs on solid conductive supports remains an effective 

approach for the development of ECMs, successive metal/ligand39 or metal/metal complex7 

layer-by-layer deposition on a templating layer allows better control of the optical, 

electrochemical, and electrochromic properties of the material. Indeed, the ligand nature 

determines the properties of the molecular wire. For instance, the magnitude of charge 

transport (molecular conductance) across organic monolayers increases in the row from the 

electrically insulating sigma-bonded alkane (C12), through π-conjugated oligo(phenylene 

ethynylene) that contains aromatic moieties conjugated through C≡C bonds, to oligo-

(phenylenevinylene), where aromatic rings are conjugated through trans C=C bonds.40 On 

the other hand, the linear nature of aryleneethynylenes and low (typically <1 kcal mol−1) 

barrier of rotation about the aryl-ethynyl bond41 may lead to denser molecular packing 

within the monolayer and thus more pronounced through-layer noncovalent interactions, 

which may promote the conductivity.42 Using successive metal/metal complex layer-by-

layer molecular deposition, van der Boom has developed <20 nm thick bpy-based ECMs 

that demonstrate exceptionally high values of coloration efficiency.43 Although the 

introduction of a single, double, and triple bonds between bpy and pyridine units results in 

materials with similar electrochemical profiles, the colors of these ECMs are significantly 

different. Moreover, ECM bearing a double-bond spacer has a higher contrast ratio and 

better stability that is attributed to the influence of the conjugating C=C on the pyridine 
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group affecting the molecular-wire-forming pyridine coordination to Pd(II). Recently, we 

have demonstrated a strategy that allows the creation of efficient and robust monolayer-

based ECMs on a surface-enhanced ITO-based screen-printed support.44 Even minor 

changes in the ligand design give access to materials with a wide range of color variations.45 

In this paper, we explore the influence of ligand conjugation and the nature of the screen-

printed support on the electrochromic properties of materials. To achieve this goal, we have 

introduced a single-, double-, or triple-bond linker (highlighted in blue in Figure 3.1) 

between chelating 4′-phenyl-2,2′:6′,2″-terpyridine (ph-tpy) and anchoring pyridine (pyr) 

moieties of the ligand. So far, only ITO-based supports obtained by screen printing have 

been utilized for the design of monolayer-based ECMs.44-45 The support fabrication 

requires high (500°C) annealing temperatures to achieve better nanoparticle (NP) 

interconnectivity that, in turn, grants high mechanical stability and lowers the electrical 

resistance of the obtained material.46 At the same time, thermal degradation of the 

conductivity of ITO thin films resulting from the decrease of the carrier concentration and 

the Hall mobility have been reported.47 From this point of view, NPs of fluorine-doped tin 

oxide (FTO) that retain conductivity and transparency up to 600°C48 are a highly promising 

alternative. 

3.3 Experimental 

Chemicals were purchased from Sigma-Aldrich. Solvents were purchased from ACP 

and VWR. Deuterated solvents were purchased from Cambridge Isotope Laboratories. All 

reagents were used without further purification. Dry solvents were bubbled with N2 for 30 

min and left under an inert atmosphere with molecular sieves predried for at least 24 h. For 

reactions in an inert atmosphere, glassware was dried overnight at 130°C. 

Nuclear magnetic resonance spectra were measured using a Bruker Ascend 400 MHz 

spectrophotometer. UV−vis spectra were measured using a Varian Cary 50 Bio UV−visible 

spectrophotometer. FT-IR measurements were measured using a Bruker FT-IR 

spectrophotometer ALPHA Platinum ATR. XRD patterns were recorded on a Rigaku 

Ultima IV X-ray diffractometer using Cu Kα X-ray source (λ = 0.15418 nm). X-ray 

photoelectron spectra (XPS) were measured using a Thermo Fisher Scientific K-Alpha 

equipped with a monochromated Al Kα X-ray source. Raman mapping was performed 

using a Renishaw inVia confocal Raman Microscope with a 2400 l/mm (vis) grating and a 
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Renishaw Centrus OMCN39 CCD detector (1024 × 256 pixels). The excitation wavelength 

of the Nd:YAG laser was 532 nm with a power output of 50 mW. 

Indium−tin oxide-coated glass slides (ITO/glass) 15 × 25 × 1.1 mm, Rs = 5−15 Ω/sq 

were obtained from Delta Technologies. Fluorine-doped tin oxide-coated glass 

(FTO/glass) 35 × 10 × 1.1 mm, Rs = 12−15 Ω/sq were obtained from MSE Supplies. The 

slides were pretreated with basic piranha solution for 15 min, washed 3 × with water and 3 

× with isopropanol, dried under an N2 stream, and stored in an oven at 110°C. ITO-30 and 

ITO-50 were purchased from Sigma-Aldrich. FTO NPs were synthesized using the 

literature procedure49 briefly described in the SI. 

The ITO-30 NPs were screen-printed according to a previously published literature 

procedure.45 Screen-printed films began with preparation of corresponding NP paste using 

a PQ-N04 planetary ball milling (Across International) system (see SI, A3). The desired 

NP paste was screen-printed on the desired conductive solid substrate with a 90 T polyester 

mesh screen (by Mismatic, Italy) 10 × 10 mm in size. Each layer was relaxed for 30 s in a 

solution of anhydrous ethanol and then heated over a hot plate for 5 min using medium 

heat. Screen printing was repeated several times to reach desired thickness. Lastly, films 

were annealed in the Fisher Scientific programmable muffle furnace at 500°C for 1 h, then 

at 600°C for 1 h, and left to cool. Solid substrate functionalization with the 

cholorobenzylsilane template layer followed by the deposition of desired metal complex 

were conducted in a MBraun LABstar Pro glovebox (see SI A3.1 for details). 

Cyclic voltammetry measurements for the sweep rates from 200 to 5 mV/s were 

performed using a Solartron 1470E potentiostat. Sweeps from 1600 to 400 mV/s were 

measured using a Pine bipotentiostat model AFCBP1. Three-electrode cell measurements 

were performed using a plate material evaluating cell from Bio-Logic. The functionalized 

nanoparticle surface on a conductive solid support served as the working electrode. The 

reference electrode was Ag/AgNO3 (0.01 M) in a 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAHFP) in MeCN (anhydrous) solution. The 0.1 M TBAHFP in 

CH3CN served as the electrolyte. A Pt wire was used as the counter-electrode. Each cell 

was purged for 10 min with N2 to remove any traces of oxygen. CVs were normalized to 

Fc/Fc+. 
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For spectroelectrochemical (SEC) measurements, the EC materials were assembled 

into EC devices by coating the corresponding material (working electrode) with Li+ gel 

electrolyte43 and joining it with a conductive face of bare ITO/glass (counter-electrode) as 

previously published.45 Electrodes were held together using a Scotch transparent tape. A 

Solartron 1470 potentiostat was used to switch the potential between −1 to 3 V. A 

PerkinElmer Lambda 750S UV−vis Spectrophotometer operated under Lambda 750s 

Scanning Quant software and equipped with integrating sphere was used to scan the EC 

devices in the 320−800 nm range when the plate was held at −1 V, and then, the instrument 

setup scanned the same range while the plate was held at 3 V. It then held the wavelength 

at λMLCT (Lambda 750s Timedrive software) for 30 cycles per speed and then 60 s per cycle 

for 10 h. Electrochemical impedance spectroscopy (EIS) was measured using a Solatron 

1470 potentiostat paired to a Solartron 1260 Impedance/Gain-Phase Analyzer over 

frequency range of 800 kHz to 0.1 Hz using 5 mV as the AC signal amplitude. 

Computations have been performed at the DFT/PBE0 level of theory using the standard 

basis sets 6-31G* for H, C, and N and the ECP with the corresponding basis set LANL2dz 

for Fe.50 The NWChem suit of ab initio programs51 implementing the method and bases 

has been employed. For every case, geometry has been fully optimized at the all-atom level. 

Vertical excitation energies have been calculated at the TDDFT/PBE0 level with the same 

basis set, to evaluate the photoabsorption wavelengths. Electron density re/distributions 

have been analyzed using the calculated wave functions. For predicting the charges on 

atoms, the NBO formalism has been employed.52 
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3.4 Results and Discussion 

3.4.1 UV-Vis Absorption of Ligands and Complexes in Solution 

 
Figure 3.1) UV−vis of ligands (black line) and corresponding Fe2+ complexes (red line) in CH3CN: (a) s-tpy 

and [Fe(s-tpy)2](BF4)2, (b) d-tpy and [Fe(d-tpy)2](BF4)2, (c) t-tpy and [Fe(t-tpy)2](BF4)2, (d) (CH3-s-tpy)I and 

[Fe(CH3-s-tpy)2](I)2(BF4)2, (e) (CH3-d-tpy)I and [Fe(CH3-d-tpy)2](I)2(BF4)2, (f) (CH3-t-tpy)I and [Fe(CH3-t-

tpy)2](I)2(BF4)2. (g) Crystallographically determined structure of [Fe2+(s-tpy)2](BF4)2 with thermal ellipsoids 

set at 50%. Hydrogen atoms (except CH2−CH2 and N−H) and BF4 counteranions are omitted for clarity. 

Introducing a single-, double-, or triple-bond linker between 4′-phenyl-2,2′:6′,2″-

terpyridine (ph-tpy) and pyridine (pyr) moieties result in ligands s-tpy, d-tpy, and t-tpy, 

respectively (Figure 3.1A−C, insets). Further N-alkylation of pyr-containing ligands is not 

only a convenient tool that allows ligand anchoring to a surface through a templating layer 

but has a great potential for the color fine-tuning of corresponding metal complexes. 

Therefore, UV−vis spectra of ligands (Figure 1A−C) and their N-methylated derivatives 
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(CH3-s-tpy)I, (CH3-d-tpy)I, and (CH3-t-tpy)I (Figure 1D−F) in acetonitrile have been 

recorded. UV−vis spectra of ligands in the solution contain characteristic bands 

corresponding to π → π* transitions that are summarized in Table 3.1. 

Table 3.1) Characteristic molar absorptivities εx (L mol−1 cm−1) of ligands and complexes in acetonitrile. 

entry π → π*, εx (L mol-1 cm-1) MLCT, εx (L 

mol-1 cm-1) 

s-tpy ε254 = 3.5 × 104 ε279 = 4.1 × 104 ε320 = 0.9 × 103 - 

d-tpy ε229 = 2.2 × 104 ε279 = 2.4 × 104 ε320 = 3.6 × 104 - 

t-tpy ε231 = 2.0 × 104 ε254 = 1.7 × 104 ε300 = 3.5 × 104 - 

(CH3-s-tpy)I ε252 = 4.8 × 104 ε278 = 4.2 × 104 ε320 = 7.3 × 103 - 

(CH3-d-tpy)I ε247 = 4.3 × 104 ε278 = 2.8 × 104 ε361 = 3.6 × 104 - 

(CH3-t-tpy)I ε249 = 2.2 × 104 ε280 = 2.2 × 104 ε348 = 1.8 × 104 - 

[Fe2+(s-tpy)2](BF4)2 ε286 = 7.2 × 104 ε308 = 6.3 × 104 ε321 = 6.6 × 104 ε568 = 2.6 × 104 

[Fe2+(d-tpy)2](BF4)2 ε287 = 5.0 × 104 ε323 = 6.9 × 104 ε340 = 7.5 × 104 ε574 = 3.1 × 104 

[Fe2+(t-tpy)2](BF4)2 ε242 = 3.5 × 104 ε288 = 4.8 × 104 ε325 = 7.1 × 104 ε574 = 2.5 × 104 

[Fe2+(CH3-s-tpy)2]I2(BF4)2 ε246 = 8.0 × 104 ε285 = 8.8 × 104 ε320 = 6.5 × 104 ε568 = 2.7 × 104 

[Fe2+(CH3-d-tpy)2]I2(BF4)2 ε249 = 1.0 × 105 ε284 = 7.0 × 104 ε360 = 9.7 × 104 ε577 = 2.7 × 104 

[Fe2+(CH3-t-tpy)2]I2(BF4)2 ε242 = 5.3 × 104 ε285 = 5.7 × 104 ε335 = 7.3 × 104 ε577 = 2.6 × 104 

Notably, the bands appear as three distinct peaks for s-tpy and d-tpy but as one peak 

for t-tpy that may be related to better charge delocalization in t-tpy. N-methylation results 

in an overall increase of molar absorptivity related to π → π* transitions in (CH3-s-tpy)I 

and (CH3-d-tpy)I and band separation in (CH3-t-tpy)I. As expected, the reaction of ligands 

with Fe(BF4)2 results in the formation of the corresponding complexes with 2:1 ligand/Fe 

stoichiometry. A crystal structure of [Fe2+(s-tpy)2](BF4)2 as a representative example of 

this coordination with distorted octahedral geometry around the Fe2+ ion is shown in Figure 

1G. (For more crystallographic details and Job plots, SI Figure 3.1 and SI Figure 3.2). The 

formation of complexes is visualized by the appearance of an intense dark-red color in 

solutions. 

The MLCT band of the [Fe2+(s-tpy)2] complex where pyr and ph-tpy moieties of the 

ligand are connected through a nonconjugated single-bond linker appears at 568 nm, 

identical to the previously reported MLCT band of [Fe2+(ph-tpy)2] centered at 568 nm.53 

Moreover, N-methylation of the pyr moiety has no influence on the MLCT band of 

[Fe2+(CH3-s-tpy)2]I2(BF4)2 observed at 568 nm. On the contrary, the introduction of a 

conjugated linker leads to a red shift of the MLCT bands of [Fe2+(d-tpy)2](BF4)2 and 

[Fe2+(t-tpy)2]-(BF4)2 to 574 nm. Furthermore, N-methylation of d-tpy and t-tpy ligands 

results in a further red shift of the MLCT band to 577 and 576 nm in Fe2+(CH3-d-

tpy)2]I2(BF4)2 and Fe2+(CH3-t-tpy)2]I2(BF4)2, respectively. 
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3.4.2 Surface-Enhanced Support: Formation, Characterization, and 

Functionalization 

Surface-enhanced supports were fabricated by screen-printing of commercial ITO-30 

and ITO-50 nanoparticles (NPs) on ITO/glass. The sheet resistance of ITO-30 and ITO-50 

supports is 250 ± 10 and 260 ± 12 Ω/sq, respectively. Moreover, FTO NPs were prepared 

following the literature procedure,49 fully characterized (See SI A3.1) and screen-printed 

on ITO/glass and FTO/glass substrates to give FTO/ITO and FTO/FTO surface-enhanced 

supports. The specific surface area (SA) determined by N2 adsorption (BET analysis) on 

ITO-30, ITO-50, and FTO-based supports was found to be 10.2, 30.0, and 17.6 m2 g−1, 

respectively. 

 
Figure 3.2) Representative SEM images of (a) ITO-50 NPs screen-printed on ITO/glass surface 

(ITO/ITO/glass) and (b) FTO NPs screen-printed on FTO/glass surface (FTO/FTO/glass). Scale bar = 3 μm. 

Optical profilometry scans of 250 × 200 μm areas of (c) ITO/ITO/glass and (d) FTO/FTO/glass 

demonstrating the thickness of the screen-printed layers and the overall homogeneity on the layer. Surface-

enhanced Raman deep profiles of [Fe2+(d-tpy)2] deposited on (e) ITO/ITO/glass and (f) FTO/FTO/glass. XPS 

Fe 2p region of FTO/FTO/glass functionalized by (g) [Fe2+(s-tpy)2], (h) [Fe2+(d-tpy)2], and (i) [Fe2+(t-tpy)2]. 
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The surface morphology and profiles of ITO-50/ITO and FTO/ITO supports are shown 

in Figure 3.2A,B and 2C,D, respectively. The surface morphology of ITO-30/ITO supports 

has been previously reported.45 The thickness of all screen-printed supports was 7.5 ± 0.2 

μm. Surface functionalization with chlorobenzylsiloxane followed by the reaction with the 

corresponding nonmethylated complex results in the formation of a pyridinium salt of the 

desired complex on the surface. 

Table 3.2) Surface coverage (nm2/molecule) of redox active complexes applying specific surface area (SA) 

determined by N2 adsorption (BET Analysis). 

EC molecule [Fe2+(s-tpy)2] [Fe2+(d-tpy)2] [Fe2+(t-tpy)2] 

ITO-30/ITO/glass 14 13 15 

ITO-50/ITO/glass 10 13 15 

FTO/ITO/glass 13 18 11 

FTO/FTO/glass 16 15 11 

The surface coverage determined from peak current vs sweep rate data (see SI A3) 

taking into consideration corresponding specific surface areas of screen-printed substrates 

is comparable for developed materials (Table 3.2). The molecular footprint of [Fe2+(s-

tpy)2] was determined from the crystal structure to be 1.71 nm2 per molecule. Data 

summarized in Table 3.2 confirms the formation of a corresponding monolayer on each 

support and suggests that a significant amount of enhanced surface area is inaccessible by 

EC molecules. As a result of the charge transfer between the metal oxide support and the 

covalently bound complex, the Raman peaks of the complex are expected to be amplified 

(i.e., surface-enhanced), thus allowing in-depth profile measurements of the complex 

distribution in the volume of the material. Indeed, the Raman in-depth mapping of [Fe2+(d-

tpy)2] deposited on ITO-50/ITO/glass and FTO/FTO/glass supports shown in Figure 3.2E, 

F displays five distinct characteristic peaks at 1364, 1474, 1538, 1564, and 1610 cm−1 that 

were assigned to perturbation of the vibrational modes of tpy.54 The intensity of these bands 

decreases as a function of the distance below the sample surface, consistent with the 

limitations of the instrumental depth of discrimination. 

The presence of metal complexes on the surface can be tracked by X-ray photoelectron 

spectroscopy (XPS). The 700−730 eV binding energy segments of [Fe2+(s-tpy)2],  [Fe2+(d-

tpy)2], and [Fe2+(t-tpy)2] anchored to the FTO surface-enhanced support screen-printed on 

FTO/glass (FTO/FTO/glass) contain a high-intensity peak corresponding to Sn 3p3/2, which 

is surrounded by two peaks typical for Fe 2p (Figure 3.2G−I). 
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For [Fe2+(s-tpy)2] anchored to FTO/FTO/glass material (i.e., for [Fe2+(s-

tpy)2]@FTO/FTO/glass), Fe 2p3/2 and Fe  2p1/2 peaks are located at 709.7 and 722.5 eV, 

respectively.  The introduction of conjugating linkers between the tpy moiety that 

complexes Fe2+ and the electron withdrawing N-alkylated pyr moiety results in a slight 

shift of iron peaks to  higher binding energies. Thus, in [Fe2+(d-tpy)2]@FTO/FTO/glass 

material, Fe 2p3/2 and Fe 2p1/2 peaks are observed at 710.0 and 723.3 eV, whereas in [Fe2+(t-

tpy)2]@FTO/FTO/glass, these peaks are located at 710.3 and 723.7 eV, respectively. 

3.4.3 Optical Properties of Materials 

Table 3.3) L*a*b*,55 color, and color difference of functionalize surfaces. 

Material L* a* b* color/hue CD 

ITO-30/ITO/glass 71.5 -7.5 19.1 Bison Hide/Yellow - 

[Fe2+(s-tpy)2]@ITO-30/ITO/glass 70.8 2.3 12.9 Akaroa/Yellow 11.6 

[Fe2+(d-tpy)2]@ITO-30/ITO/glass 67.9 -1.6 7.0 Foggy Gray/Gray 13.9 

[Fe2+(t-tpy)2]@ITO-30/ITO/glass 58.4 2.7 -2.7 Amethyst Smoke/Violet 27.4 

ITO-50/ITO/glass 70.5 -9.5 29.7 Pavlov/Yellow - 

[Fe2+(s-tpy)2]@ITO-50/ITO/glass 42.8 19.5 5.3 Rose Taupe/Violet 46.9 

[Fe2+(d-tpy)2]@ITO-50/ITO/glass 33.3 13.3 -1.4 Finn/Violet 53.6 

[Fe2+(t-tpy)2]@ITO-50/ITO/glass 24.7 16.3 -13.5 Jagger/Violet 68.0 

FTO/ITO/glass 70.5 -2.4 13.6 Eagle/Gray - 

[Fe2+(s-tpy)2]@FTO/ITO/glass 57.0 9.6 -9.8 Amethyst Smoke/Violet 29.5 

[Fe2+(d-tpy)2]@FTO/ITO/glass 49.6 5.0 0.6 Empress/Gray 25.7 

[Fe2+(t-tpy)2]@FTO/ITO/glass 47.7 9.7 -18.4 Kimberly/Violet 41.5 

FTO/FTO/glass 68.1 -0.5 6.2 Foggy Gray/Gray - 

[Fe2+(s-tpy)2]@FTO/FTO/glass 58.5 7.9 -0.7 Venus/Violet 14.5 

[Fe2+(d-tpy)2]@FTO-30/FTO/glass 58.6 2.8 4.0 Suva Gray/Gray 10.3 

[Fe2+(t-tpy)2]@FTO-30/FTO/glass 51.1 7.7 -10.2 Topaz/Violet 25.5 

The colors of the materials analyzed in L*a*b* coordinates55 (where L*, a* and b* are 

the brightness, green-red, and blue-yellow scales) and assigned to main hues are 

summarized in Table 3.3. The substrates have comparable (67 to 71) lightness. The overall 

color intensity that includes green (negative a*) and yellow (positive b*) components are 

smaller for FTO-based supports. Larger positive b* values of ITO-30- and especially of 

ITO-50-based supports are in agreement with their yellowish color. For each substrate, 

functionalization with a metal complex bearing a single or triple bond leads to similar red 

(positive a*) values, whereas deposition of the complex bearing double bond leads to 

materials with the less intense red color. Moreover, substrates functionalized with a triple-

bond bearing complex demonstrate the most intense blue (negative b*) component. 

Because all substrates have a noticeable yellow (positive b*) constituent, their 

functionalization leading to the opposite blue (negative b*) color is expected to 
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demonstrate the highest color difference (CD). CD was determined as the difference in all 

three color coordinates between the functionalized and initial substrate surfaces. 

Equation 3.1)  𝐶𝐷 = √(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2 

 
Figure 3.3) (a) Optical images of bare and functionalized supports. Cyclic voltammetry results (three-

electrode cell, 0.1 M TBAHFP/MeCN) of [Fe2+(t-tpy)2]@ITO-50/ITO/glass: (b) full CV, (c) relationship 

between current density and sweep rates, (d) relationship between current density and root of the sweep rate. 

Cyclic voltammetry results (three-electrode cell, 0.1 M TBAHFP/MeCN) of [Fe2+(t-tpy)2]@FTO/FTO/glass: 

(e) full CV, (f) relationship between current density and sweep rates, and (g) relationship between current 

density and root of the sweep rate. 
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The substrate plays an important role in the CD of the material. As expected, the CDs 

of materials resulting from the deposition of corresponding complexes on ITO-

50/ITO/glass supports are significantly higher due to the highest surface area of the 

substrate (see above). Similarly, materials based on ITO-30/ITO/glass supports 

demonstrate the lowest CDs because of the lowest surface area. The materials based on 

FTO/ITO/glass demonstrate CDs that are in good agreement with their medium surface 

area. In contrast, FTO/FTO/glass-based materials have CDs on par with the ones of ITO-

30/ITO/glass. This can be explained by the important role of the support (ITO/glass vs 

FTO/glass). For each substrate, functionalization with [Fe2+(s-tpy)2] or [Fe2+(d-tpy)2] leads 

to materials with similar CDs, whereas functionalization with [Fe2+(t-tpy)2] results in a material with a 

significantly higher CD. The colors of the materials are visualized in  

Figure 3.3A. 

3.4.4 Electrochemical Properties 

Table 3.4) Formal potentials determined at 50 mV s-1 and electron-transport constants obtained using the 

Laviron method for the ECM (three-electrode cell, 0.1 M TBAHFP/MeCN). 

ECM ITO-30/ITO/glass ITO-50/ITO/glass FTO/ITO/glass FTO/FTO/glass 

E0’ (V 

vs. 

Fc/Fc+
 

kET (s-1) E0’ (V 

vs. 

Fc/Fc+ 

kET (s-1) E0’ (V 

vs. 

Fc/Fc+ 

kET (s-1) E0’ (V 

vs. 

Fc/Fc+ 

kET (s-1) 

[Fe2+(s-

tpy)2] 

0.72 4.2 ± 0.1 0.75 3.2 ± 0.0 0.68 3.1 ± 0.5 0.68 3.2 ± 0.0 

[Fe2+(d-

tpy)2] 

0.73 3.8 ± 0.1 0.75 3.5 ± 0.3 0.70 3.8 ± 0.1 0.72 3.3 ± 0.2 

[Fe2+(t-

tpy)2] 

0.72 5.0 ± 0.0 0.74 3.2 ± 0.0 0.70 5.0 ± 0.1 0.70 3.6 ± 0.1 

The electrochemical properties of materials were investigated with cyclic voltammetry 

(CV) in a three-electrode cell configuration and summarized in Table 3.4. As expected, the 

formal potentials, E0′, of all materials are comparable. Interestingly, [Fe2+(d-tpy)2]-

functionalized supports demonstrate slightly higher formal potentials. Moreover, materials 

formed at FTO-based supports have slightly smaller E0′s. 

The peak current density values plotted against sweep rates for all the materials (see  

Figure 3.3C,F and SI Figure 3.5-3.14) demonstrate high linearity (R2 > 0.94). 

Moreover, the peak currents plotted versus the square root of the sweep rates for all the 

materials demonstrate high linearity (R2 > 0.97) too. In closer examination, at slow sweep 

rates, the redox process taking place on the surfaces of these materials is surface-confined. 

Then, around 50 mV/s, the transition occurs, and the process becomes diffusion-controlled. 

Therefore, at larger sweep rates, the diffusion-controlled process is expected to 
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demonstrate fast kinetics of charge transfer, which is in good agreement with relatively 

large, for inorganic molecules deposited on metal oxide supports, electron-transport 

constants kETs (Table 3.4 and SI Figure 3.15-3.17). Although the kETs of all these materials 

are comparable, the overall trend is that electron transport does depend on the conjugation 

of the spacer. The overall kET values increase in the row from C−C through C=C and are 

the highest in C≡C bearing materials.  

The CV results of [Fe2+(t-tpy)2]@ITO-50/ITO/glass and [Fe2+(t-tpy)2]@FTO/FTO/glass materials are 

shown in   

Figure 3.3B−G. The shift in peak potentials with increasing the scan rate might be associated with several 

issues. As electrons transfer between the electrode and the metal complex, ions move in solution to 

compensate the charge and close the electrical circuit. The high surface area of the electrode might 

complicate fast anion delivery and removal. Moreover, the nature of the support and therefore different 

barriers in the electron transfer may lead to the peak potential shift. Indeed, when scanned at 200 mV s−1, ( 

Figure 3.3B,E) the  peak separation of [Fe2+(t-tpy)2]@ITO-50/ITO/glass (ΔEp = 0.407 

V) is significantly larger than that of [Fe2+(t-tpy)2]@FTO/FTO/glass (ΔEp = 0.256 V). This 

trend is similar for all ITO-50- vs FTO-based materials. Because the increase of the peak 

separation with increasing the scan rate is a mark of the irreversibility of the process, FTO-

based materials are expected to demonstrate an enhanced stability being able to perform 

more cycles. 

3.4.5 Spectroelectrochemical (SEC) Properties 

The assembly of electrochromic solid-state devices (ECDs) was performed by coating 

the functionalized supports with a gel electrolyte and covering them with a counter ITO 

electrode as previously reported43 (see SI Figure 3.47). All ECDs developed here were 

analyzed by applying double-potential steps (−1 and +3 V, respectively) as a function of 

time. ECDs demonstrate a notable, clearly visible to the naked eye color difference in 

colored (Fe2+, −1 V) and bleached (Fe3+, +3 V) states (see SI Figure 3.18-3.20). 

The change in optical density (ΔOD) equal to the change of absorbance at the MLCT 

band in the colored and bleached states of all materials is summarized in   

Table 3.5. The best ΔODs were found for ECDs based on ITO-50/ITO/glass supports, 

which is consistent with the highest surface area of these supports. Although the ECDs 

based on FTO/FTO/glass and FTO/ITO/glass supports have a similar surface area, the latter 

shows significantly better ΔODs, which is consistent with the CDs of these materials. As 

expected, the ECDs based on ITO-30/ITO/glass supports bearing the lowest surface area 

show significant, yet the lowest, ΔODs in the series.  
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Table 3.5) Selected SEC Properties 

The difference in ligands has little impact on the time required to reach 95% maximum 

or minimum coloration (Table 3.5). For most of the materials, the time required to reach 

the bleached state (tb) was longer than the time of the opposite reductive process (tc). 

Materials based on ITO-30/ITO/glass and FTO/ITO/glass are bleached within less than 1 

s while slightly increasing for ones based on ITO-50/ITO/glass and FTO/FTO/glass. This 

is a common feature observed in materials utilizing terpyridine-based Fe(II) complexes.45, 

56 Because Fe(II) is the native state of these materials, energy is required to oxidize Fe(II) 

to Fe(III) and supply a counter-anion, thus reaching the bleached state of the material. In 

the absence of external voltage, Fe(III) gradually returns into its native Fe(II) state, leading 

to color recuperation. This process is called EC memory (EM). To determine the EC 

memory, a bleaching potential (+3 V) was held for 60 s and then exempted. The time that 

the device was able to hold bleached state (thbs), the time to reach half-maximum colored 

state (t1/2rcs), and the time to reach to 95% maximum absorbance (trcs) were determined. 

ECM based on ∆OD 

(%) 

tb (s) tc (s) thbs (s) t1/2rcs (s) trcs (s) η 

(cm2/C) 

[Fe2+(s-tpy)2]@ITO-

30/ITO/glass 

12 0.8 0.5 46 ± 3 96 ± 4 164 ± 3 1469 

[Fe2+(d-tpy)2]@ITO-

30/ITO/glass 

16 0.7 0.4 36 ± 4 76 ± 5 138 ± 5 880 

[Fe2+(t-tpy)2]@ITO-

30/ITO/glass 

25 0.7 0.5 36 ± 3 86 ± 0 158 ± 24 1626 

[Fe2+(s-tpy)2]@ITO-

50/ITO/glass 

40 2.1 1.4 39 ± 4 160 ± 3 546 ± 1 189 

[Fe2+(d-tpy)2]@ITO-

50/ITO/glass 

57 2.0 1.1 67 ± 4 194 ± 11 474 ± 37 1470 

[Fe2+(t-tpy)2]@ITO-

50/ITO/glass 

52 2.2 0.8 47 ± 5 188 ± 6 700 ± 5 1932 

[Fe2+(s-

tpy)2]@FTO/ITO/glass 

34 0.8 0.6 37 ± 5 119 ± 14 260 ± 19 2524 

[Fe2+(d-

tpy)2]@FTO/ITO/glass 

27 0.6 0.5 23 ± 5 67 ± 10 159 ± 18 2909 

[Fe2+(t-

tpy)2]@FTO/ITO/glass 

33 0.9 0.5 26 ± 8 101 ± 20 257 ± 33 3656 

[Fe2+(s-

tpy)2]@FTO/FTO/glass 

28 1.3 1.1 41 ± 1 137 ± 9 503 ± 37 2400 

[Fe2+(d-tpy)2]@FTO-

30/FTO/glass 

21 1.1 0.5 60 ± 15 198 ±36 505 ± 87 1049 

[Fe2+(t-tpy)2]@FTO-

30/FTO/glass 

28 1.1 1.3 13 ± 2 202 ± 25 644 ± 6 1732 
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The EC memories were heavily impacted by the substrate: ECMs based on ITO-

30/ITO/glass and FTO/ITO/glass quickly return to maximum absorbance, whereas ECMs 

based on ITO-50/ITO/glass and FTO/FTO/glass retain their bleached colors for at least two 

times longer time periods. 

 
Figure 3.4) Long-term spectroelectrochemical stability of (a) [Fe2+(t-tpy)2]@ITO-50/ITO/glass and (b) 

[Fe2+(t-tpy)2]@FTO/ITO/glass ECDs. These experiments were carried at λ = 570 nm alternately holding −1 

V for 60 s and then +3 V for 60 s. Insets demonstrate photographs of ECDs during cycling. 

The coloration efficiency of operating ECDs, η, was determined from the change in 

optical density versus charge density plots (SI Figure 3.21-3.23). The exceptionally high 

coloration efficiency of the ECDs, which is an order of magnitude higher than reported for 

organic−inorganic hybrid EC nanocomposites,57 is very substrate-dependent, being the 

greatest for FTO/ITO/glass-based materials, then ITO-50, FTO/FTO/glass, and last ITO-

30/glass. This effect is related to two parameters: specific surface area and wettability of 

the ECM. The higher the surface area, the more metal centers capable for EC redox 

reactions can be deposited. At the same time, the ability of the electrolyte to provide ions 

should match the needs of both the electrical double layer and corresponding faradaic 

reaction. Therefore, the accessibility of the surface area by the electrolyte has a strong 

influence on specific capacitance. The electrolytes used in this study were acetonitrile-

based. The fluorine-reduced hydrophilicity of the FTO-based substrates compared to the 

ITO films results in a smaller contact angle of the acetonitrile drop at a flat FTO surface 

(Figure S24) and therefore better wettability of FTO-based substrates by the acetonitrile-

based electrolyte. This, in turn, improves the conductivity through the electrolyte−FTO 

interphase. 

An enhanced SEC switching stability is a unique feature of inorganic ECDs. Bpy- and 

tpy-based iron complexes on a flat ITO surface assembled into a solid-state device 
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demonstrate reliable SEC switching up to 1.6 × 103 cycles.26, 39 Iron-based polypyridine 

supramolecular polymers when electrochemically cycled in liquid electrolyte are stable at 

least for 1.0 × 103 cycles.37 Monolayers of metal complexes deposited on surface-enhanced 

ITO-based supports were shown to have similar stability over 1.5 × 103 cycles.44-45 In this 

study, we have performed SEC cycling by holding the device at the high (+3 V) and low 

(−1 V) potential steps for 60, 30, 15, and 7.5 s (30 cycles for each hold time). Then, cycling 

was continued with a 60 s hold (i.e., 120 s/cycle) for 10 h (Figures S18−S20). After 430 

cycles, the ECDs based on [Fe2+(t-tpy)2] demonstrate the best stability, retaining an average 

of 83% of the initial ΔOD; [Fe2+(s-tpy)2]- and [Fe2+(d-tpy)2]- based ECDs retain 70 and 

61% of initial ΔODs, respectively. Analyzing the influence of the support on the stability 

of the devices, FTO/ITO/glass-based ECDs demonstrate very high stability retaining an 

average 82% of the initial ΔOD; FTO/FTO/glass- and ITO-30/ITO/glass-based ECDs have 

comparable stabilities of 72 and 70% of the initial ΔOD values; finally, ITO-50/ITO/glass-

based materials demonstrate the worst stability, having only 61% of the initial ΔOD. To 

probe the long-term stability, [Fe2+(t-tpy)2]@ ITO-50/ITO/glass and [Fe2+(t-tpy)2]@ 

FTO/ITO/glass ECDs were spectroelectrochemically (SEC) cycled for 100 h (Figure 3.4). 

We have shown previously that the degradation of the electrolyte during SEC cycling leads 

to changes of the lithium ion concentration at the unmodified ITO counter-electrode 

plate/electrolyte interface, lithium intercalation into the counter-electrode, and partial 

indium reduction of the unmodified ITO counter-plate resulting in the decrease of ΔOD. 

Disassembly and reassembly of the ECDs to replace the gel electrolyte and the counter 

plate results in ΔOD recovery for 58 and 91% of the original values for [Fe2+(t-tpy)2]@ 

ITO-50/ITO/glass and [Fe2+(t-tpy)2]@FTO/ITO/glass ECDs, respectively, and allows 

continuous cycling for an additional 100 h. Although the second reassembly results in a 

comparable recovery of ΔODs for both ECDs, the shape of the absorption curves (i.e., the 

time required to reach the maximum and minimum absorption of [Fe2+(t-tpy)2]@ITO-

50/ITO/glass) changes. The ECD becomes less stable, suggesting device deterioration. In 

contrast, the shape of the absorption curves of [Fe2+(t-tpy)2]@ FTO/ITO/glass ECD 

remains similar, thus confirming the stability of the FTO/ITO/glass-based device. 
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3.4.6 Electrochromic Supercapacitor (ECS) Properties. 

Table 3.6) Summary of EIS obtained parameters for Fe(t-tpy) on different substrates: the sum of the electronic 

and ionic resistance, pseudocapacitance at the half-wave potential, Warburg coefficient, and diffusion 

coefficient. 

substrate RΣ (Ω cm2) pseudocapacitance 

(mF/cm2) 

σ (Ω cm2 s-1/2) D (cm2 s-1) 

ITO-30 168 2.9 60 9.8 × 10-10 

ITO-50 23 8.2 13 2.1 × 10-8 

FTO/ITO 69 7.2 19 9.6 × 10-9 

FTO/FTO 420 2.8 76 6.1 × 10-10 

 
Figure 3.5) Results of electrochemical impedance spectroscopy for the [Fe(t-tpy)2] systems. (a) Nyquist plots 

compared for the half-wave potentials with inset Warburg region; (b) the relationship between the impedance 

and reciprocal square root of lower angular frequencies; capacitance at (c) double-layer and (d) half-wave 

potentials; normalized capacitances at (e) double-layer and (f) half-wave potentials. 

We have already mentioned that the ability of the material to store charge significantly 

influences the SEC properties of the materials. Moreover, the development of ECMs with 

enhanced capacitance opens the door for the dual-function EC supercapacitors that indicate 

their real-time charging degree in color.58 The results of EIS for the [Fe(t-tpy)2] system on 

each of the four substrates (Figure 3.5 and SI Figure 3.25) are summarized in Table 3.6. 

The midfrequency regions for the Nyquist plots (Figure 3.5A) reveal the ease of 

conductivity. This is also known as the Warburg region where the Warburg impedance 
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(ZW) gives a representation of electron mobility. The Warburg region on a Nyquist plot is 

shown as an inset in Figure 3.5A. A plot of the real impedance versus reciprocal square 

root of frequency (ω−1/2) (Figure 3.5B and SI Figure 3.26) yields a slope in the low-

frequency range equal to the Warburg coefficient (σ) (SI Equation 3.4) which, in turn, was 

used to calculate the diffusion coefficient, D, as previously reported59 (SI Equation 3.5). 

ITO-50 and FTO/ITO demonstrate greater diffusion coefficients and therefore greater 

electron mobility during the redox process. The total ionic and electronic resistance, RΣ, 

was determined by projecting the real component of the Warburg length onto the x-axis to 

get RΣ/3, as communicated earlier.60-61 The RΣ is smallest for ITO-50- and FTO/ITO-based 

materials, whereas it is much larger for ITO-30 and FTO/FTO. 

In electrochemical capacitors, the charge storage originates from electron-transfer 

mechanisms, rather than simply relying on the accumulation of ions in the electrochemical 

double layer.62 The capacitances at double-layer and the overall capacitance at half-wave 

potentials for the different substrates were compared in Figure 3.5C,D. 

The impact of the Warburg region is visible on the overall capacitance plot. 

Specifically, the steeper the slope of the capacitance at high frequencies, the greater the 

electron mobility.59, 61 As expected, the pseudocapacitance values of the materials follow 

the same trend as the diffusion coefficients, being the highest for the largest surface area 

ITO-50 and the second highest for FTO/ITO. ITO-30 and FTO/FTO have comparable yet 

smaller pseudocapacitance values. It should be mentioned that the values of 

pseudocapacitance resemble the trend for the coloration efficiency: FTO/ITO and ITO-50 

have the highest values for CE among the substrates. 

Interestingly, most of the dual-function electrochromic supercapacitors based, for 

instance, on (WO3·H2O) and Prussian white asymmetric electrodes, WO3-hydroquinone 

and poly(idole-6-carboxylic acid)/TiO2 nanocomposites demonstrate darker color in 

charged and lighter color in discharged states. Our ECDs demonstrate the opposite trend. 

Promising values of the pseudocapacitance encouraged us to discover if the energy of 

charged ECDs could be used in a circuit. As a proof of concept, [Fe2+(t-tpy)2]@ ITO-

50/ITO/glass and [Fe2+(t-tpy)2]@ FTO/ITO/glass ECDs with the working area of 1 × 1 cm 

were charged (Figure 3.6A,F). Charging of both ECDs was accompanied by the color 

change from violet to yellow. Connecting even one charged ECD to red or yellow LED 
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results in powering on the LED leading to ECD discharge and color change from yellow 

to violet. 

 

Figure 3.6) Photos demonstrating charged [Fe2+(t-tpy)2]@ ITO-50/ITO/glass ECD that upon connecting to 

Sapino red/yellow bicolor LED powers up (a) yellow or (b) red LED until (c) discharged. Insets demonstrate 

discharge of the ECD in the dark. (d) Magnified image of [Fe2+(t-tpy)2]@ ITO-50/ITO/glass ECD in charged 

(yellow color) and discharged (violet color) states by powering on the LED conditions. Photos of charged 

[Fe2+(t-tpy)2]@ FTO/ITO/glass ECD, discharging ECD when powering up (e) yellow and (f) red parts of 

bicolor LED in the dark, and (g) discharged ECD. 

3.4.7 Computations 

3.4.7.1 Geometries 

The optimized geometries of [Fe(x-tpy)2]
2+ (x = s, d, t) complexes with extended 

ligands generally resemble that of the original complex [Fe(tpy)2]
2+ studied previously,45 

with the two ligands in a perpendicular-staggered configuration.  

The influence of the ligand extension on the complex structure can be analyzed in terms 

of the Fe−N binding. The axial Fe−N bond lengths vary weakly, within ±0.002 Å, very 

slightly stretching for t-tpy, shrinking for d-tpy, or remaining unchanged for s-tpy. The 

radial Fe−N bonds show a similar stretching for t-tpy but a more pronounced shrinking for 

d and s-tpy by up to about 0.01 Å.  

Another anticipated effect of the larger ligands would be a reduced alteration of the 

Fe−N bond lengths in the respective methylated complexes because of the longer distance 

of Fe from the point of the methyl attachment.  
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For the original complex, the attached methyl shrinks the nearer and stretches the 

farther axial Fe−N bond by about 0.006 Å, and the radial Fe−N bonds also vary in both 

directions within a similar range. Meanwhile, for the x-tpy ligands, the axial bonds stretch 

within 0.004 Å or shrink within 0.002 Å only for the further and nearer Fe−N pairs. The 

radial Fe−N bonds remain essentially unchanged for s-tpy and vary within ±0.002 and 

±0.006 Å for t- and d-tpy. 

3.4.7.2 Photoabsorption Peaks 

For isolated d- and t-tpy ligands, the vertical excitations at the optimized ground-state 

geometries exhibit high (and close in value) oscillator strengths for transitions to the lowest 

excited states (predicted at 3.83 and 3.80 eV or 324 and 326 nm), in general agreement 

with the experimental UV−vis absorbance spectra. For s-tpy, the excited-state energies are 

calculated to start from higher energies (4.32 eV or 287 nm), in accordance with 

measurements, but show much lower oscillator strengths (with a pronounced value at 280 

nm). Methylation at the outermost pyridine unit is found to produce multiple lower-energy 

excited states with very low oscillator strengths. The optically active (with high oscillator 

strength) lowest-energy excitation in [CH3-t-tpy]+ is found to be red-shifted and slightly 

reduced in intensity, consistent with the experimental results (Figure 3.1). For [CH3-d-tpy]+ 

and [CH3-s-tpy]+, such transitions are beyond the range accessible for present calculations.  

The [Fe(d-tpy)2]
2+ and [Fe(t-tpy)2]

2+ complexes show intense excitations to the lowest 

excited states (vertically at 2.15 and 2.25 eV or 577 and 552 nm), with near-equal oscillator 

strengths, which are somewhat lower than for the isolated ligands, consistent with 

experimental data. This is different from the [Fe(s-tpy)2]
2+ case, where the excited states 

start at lower energies (2.05 eV or 604 nm) but the lowest few states (accessible for 

calculations) have near-zero oscillator strengths. So the measured comparably intense 

absorption around 569 nm appears to correspond to a higher-energy state. The latter 

situation persists for all monomethylated complexes [Fe(x-tpy)2CH3]
3+. Their first excited 

states at (vertical) 1.46, 1.26, and 1.5 eV for x = s, d, t, respectively, are significantly lower 

in energy than for the corresponding nonmethylated counterparts and are predicted as 

optically inactive. Therefore, the observed absorbance peaks at nearly unchanged 

wavelengths apparently originate from transitions to higher-energy states. 
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3.4.7.3 Wave Functions and Charge Distributions 

To analyze the lowest excited-states photoabsorption transitions, the relevant HOMO 

and LUMO can be considered. For [Fe(d-tpy)2]
2+ and [Fe(t-tpy)2]

2+, the HOMO is 

dominated by the C atoms of the respective C2H2 and C2 linking units, whereas the LUMO 

is contributed mainly by the N atoms connected to Fe. During the corresponding HOMO 

to LUMO transition, the electron density shifts from the periphery to the center of the 

complex. By comparison, in isolated d-tpy, both the HOMO and LUMO concentrate in the 

peripheral region around the C2H2 unit, with the transition between these orbitals thus 

redistributing the electron density locally. In isolated t-tpy, the situation is generally 

similar, though the HOMO is somewhat more localized and the LUMO is delocalized 

axially (including N atoms in the latter case). 

The calculated charge distributions in [Fe(x-tpy)2CH3]
3+ are shown in SI Figure 3.27. 

In each methylated complex, the charge distribution shows an apparent asymmetry, with 

every unit in the methyl-free ligand being less positively charged than in the methylated 

ligand. This results in the latter ligand being more than twice as positive as the other one, 

the ratio being about the same (1.12:0.48) for all complexes. It is interesting to note the 

increase of the charge transfer through the linking units (C2H4, C2H2, C2) in the respective 

s-, d-, and t-tpy-based complexes. In particular, even the nonmethylated outermost pyridine 

unit (connected to the rest of the system by the linking unit) is getting slightly more positive 

in this row, from −0.009 to +0.008 to +0.030. A similar variation is obtained for 

nonmethylated complexes, with the values being slightly less positive. Furthermore, the 

main part of the methylated complex, similarly linked to the methylated remainder, is also 

increasingly charged, by +1.984, + 2.023, and +2.038, respectively. 

3.5 Conclusions 

This work adds to the area of monolayer electrochromic materials built on a surface-

enhanced support. This class of materials is based on metal complexes that can be prepared 

in solution and chemically bonded to an appropriate surface. The geometries and 

photoabsorption properties of three complexes that differ by the nature of the linker (single 

(C−C), double (C=C), and triple (C≡C) bond) between the electrochromic and surface-

anchoring units were discovered by X-ray crystallography, density functional theory 

(DFT), and UV−vis spectrometry. Further functionalization of a range of substrates formed 
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by screen printing of ITO-30, ITO-50, and FTO nanoparticles on ITO/glass and FTO/glass 

supports result in materials of a variety of colors. The properties of these materials depend 

on both the nature of the metal complex and the substrate. Thus, materials formed using 

ITO-50 demonstrate the best transparency in a row. 

Different linkers in the studied ligands are predicted by DFT to lead to significant 

variations in the electronic structure underlying the UV−vis photoabsorption spectra. In 

particular, the observed spectral features, generally similar for different linkers, for those 

with single C−C bonds, involve higher-energy excited states, unlike for the C=C or C≡C 

linkers. Moreover, this becomes a universal trend for all these linkers upon ligand 

monomethylation. The observed photospectra can be related to the charge redistributions 

upon the HOMO−LUMO excitations. In the complexes, the charge is found to shift more 

strongly across the system than in the isolated ligands, consistent with the observed longer-

wavelength spectral features. This could be interpreted in terms of denser energy levels for 

a particle in a wider box. In addition, the computed charge transfer through the linker upon 

monomethylation, apparently because of the resulting asymmetry of the system, increases 

from the s-tpy through d-tpy to t-tpy ligands, reflecting their increasing conductivity. It was 

experimentally observed that for materials built on a substrate of the same type, the 

brightness decreases, and the electron transport improves in the series from C−C through 

C=C to C≡C on par with theoretical predictions. Materials bearing a triple-bond spacer 

have a larger change in optical density and better stability. 

Although the color change before and after substrate functionalization is dictated by 

the nature of the complex and complex-accessible surface area (largest for ITO-50 and 

smallest for ITO-30), the electrochemical and spectroelectrochemical properties to a great 

extent depend on the nature of the support. Thus, when scan rates in cyclic voltammetry 

runs of FTO-based materials are increased, they generally demonstrate a smaller increase 

of peak separation than that of ITO-based materials, suggesting higher stability of FTO-

based materials. Indeed, during spectroelectrochemical cycling for 100 h, the change in the 

optical density of [Fe2+(t-tpy)2]@FTO/ITO/glass decreases to 69% of the initial value; 

meanwhile, for [Fe2+(t-tpy)2]@ITO-50/ITO/glass, the decrease to 53% of the initial value 

is observed. The coloration efficiency of all developed devices is exceptionally high, 

reaching 1932 cm2 C-1 in [Fe2+(t-tpy)2]@ ITO-50/ITO/glass. Using a FTO-based substrate 
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allows a further increase of the coloration efficiency to 3656 cm2 C−1 in [Fe2+(t-

tpy)2]@FTO/ITO/glass. Moreover, developed devices demonstrate very promising values 

of pseudocapacitance, which have a similar trend as for the coloration efficiency, being the 

highest for materials based on ITO-50/ITO/glass and FTO/ITO/glass. The devices can 

serve as power source to light up an LED, which opens the door for potential applications 

in energy storage devices that simultaneously demonstrate their charged/discharged status 

in color. 
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Chapter 4. Multichromic Monolayer Terpyridine-Based 

Electrochromic Materials 

4.0 Preface 

Reproduced with permission from Laschuk, N. O.; Ahmad, R.; Ebralidze, I. I.; Poisson, 

J.; Easton, E. B.; Zenkina, O. V., Multichromic monolayer terpyridine-based 

electrochromic materials. ACS Appl. Mater. Interfaces 2020, 12, 41749-41757. 

doi:10.1021/acsami.0c11478. Copyright 2021 American Chemical Society. 

In this chapter, we explore how the nature of the metal (M) centers in the 

electrochromic monolayer affects the performance and stability of the ECMs. In addition, 

we study the effect of mixing different metal complexes in the same surface-confined 

electrochromic monolayer to access multiple color-to-color transitions on the way to a 

bleached state. In this study, three isostructural metal complexes using bis(4′-(pyridin-4-

yl)-2,2’:6′,2’’-terpyridine) adducts of iron(II), osmium(II) and cobalt(II) were deposited 

into the surface support in mono-, bi- and trimetallic combinations. The deposition was 

performed in step from the equimolar mixture of the corresponding metal complexes. 

Due to differences in oxidation potentials of the transition metals, it became possible 

to observe multiple colored states due to selective bleaching of individual metal centers. 

This is the first work utilizing three structurally defined metal coordination complexes 

simultaneously achieving multiple color-to-color transitions within the same molecular 

layer of the electrochromic device (ECD). 

4.1 Abstract 

The article describes novel electrochromic materials (ECMs) that are based on a 

monolayer consisting of two or three isostructural metal complexes of 4′-(pyridin-4-yl)-

2,2’:6′,2’’-terpyridine simultaneously deposited on surface-enhanced support. The support 

was made by screen printing of indium tin oxide (ITO) nanoparticles on ITO-glass and has 

a surface area sufficient for a monolayer to give color visible to the naked eye. The ability 

to separately electrochemically address the oxidation state of the metal centers on the 

surface (i.e., Co2+/Co3+, Os2+/Os3+, and Fe2+/Fe3+) provides an opportunity to achieve 

several distinct color-to-color transitions, thus opening the door for constructing 

monolayer-based multicolor ECMs. 

https://pubs.acs.org/doi/abs/10.1021/acsami.0c11478
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4.2 Introduction 

Electrochromic devices (ECDs) are historically associated with adjustable light 

shutters1 and “smart windows”2 that can alter the light transmission by changing between 

colorless and colorful states under an applied voltage.3 Technically, fine-tuning of light 

transmission can be achieved in several ways. One of them utilizes reversible electrically 

induced liquid-to-solid phase transitions. For instance, the electrodeposition of silver ions 

dissolved in a transparent electrolyte on a rough surface results in the formation of a silver 

black layer that absorbs incident light. Alternatively, ECDs can utilize organic,4-5 

inorganic6 molecules or hybrid materials7 that change color upon reversible 

electrooxidation/electroreduction that takes place in the same phase. 

Recent advances in electrodeposition technologies resulted in multistate smart 

windows that demonstrate three optical states: transparent, black, and mirror.8 Moreover, 

precise control of noble metal nanoparticles (NPs) nucleation on appropriate electrode 

surface results in ECDs that utilize localized surface plasmon resonance. Thus, the 

deposition of silver NPs on an indium tin oxide (ITO) surface results in a color change 

from transparent to red, and then to blue.9 Similarly, the deposition of silver atoms on 

hollow shell Au/Ag alloy nanostructures turns transparent film to light-blue, purple, and 

eventually reddish.10 The color change in these devices is a dynamic process that is strictly 

defined by the critical voltage of nucleation and the critical voltage of NPs growth, as well 

as by the diffusion rate of Ag+ dissolved in a gel electrolyte to the cathode. Any minor 

changes in these parameters influence NPs uniformity and therefore may significantly 

affect color purity.11 Alternatively, adjusting the electrical potential applied to stationary 

deposited plasmonic metamaterials, such as periodic gold nanohole arrays infused with 

conductive polymers, can separately attenuate plasmon peak and peaks related to the 

polymer absorbance12 thus leading to multicolored ECDs. 

The cost of plasmonic precious metals is incredibly high, which impedes the practical 

use of these devices. ECDs based on organic and inorganic electrochromic (EC) molecules 

that do not require noble metals benefit from lower cost and color tunability via molecular 

design. Significant progress in the development of organic EC materials that demonstrate 

dual and multicolored EC properties was recently demonstrated. Thus, optimizing the 

morphology of polyaniline (PANI) films deposited on ITO by adjusting electrodeposition 
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conditions results in ECDs that can be electrochemically switched between three stable 

oxidation states: fully reduced leucoemeraldine (transparent yellow), half-oxidized 

emeraldine salt (green), and fully oxidized pernigraniline (purple).13 Transparent 

monoheptyl (Mh) and diheptyl (Dh) substituted viologels in a conductive gel can be 

selectively electrochemically addressed resulting in blue color from Dh (at −0.6 V) and 

magenta color from Mh (at −1.1 V).14 Organic molecules containing four pyridinium salt 

units15 or four benzoic acid ester units16 connected through a cyclobutane ring have been 

reported to demonstrate one bleached and two colored states. Finally, organic molecules 

containing triarylamine4, 17 and carbazole18-19 moieties seem to be promising candidates for 

multicolored ECDs. 

Metalorganic polypyridine complexes are considered ideal chromophores for the 

design of ECDs due to their ability to react with many metal ions in different oxidation 

states,20-22 excellent cycling23-24 and thermal stability,25-26 flexibility,27-28 color diversity,29 

and light absorption, which strictly depends on metal oxidation state. Although there has 

been great progress in the development of EC transition metal complexes, the design of 

relevant multicolored ECDs remains a challenging task limited so far by metalorganic 

polymers. Nishihara has developed polymeric films (nanosheets) based on cobalt and iron 

complexes on tritopic terpyridine-based ligands.27, 30 Combination of Fe2+ and Co2+ 

nanosheets in one device deposited on each ITO electrode results in an ECD that 

demonstrates dual-electrochromic behavior.30 In contrast, Higuchi proposed EC metallo-

supramolecular polymers (MEPEs) obtained by reacting metal ions with ditopic 

nitrogenous ligands.31 Mixing two polymers based on the same symmetric ditopic ligand 

assembled by different metal ions leads to a hybrid MEPE where both metal ions can be 

separately electrochemically addressed. Thus, in turn, leads to ECDs demonstrating 

transitions between three distinct colors.31-33 Alternatively, when using an asymmetric 

ditopic ligand, MEPE composed of altering Cu+ and Fe2+ can be achieved.34 

Electrochemical oxidation of the metal centers in this polymer results in purple to blue to 

colorless transitions. Further developing this technology, Kurth has reported MEPE that 

demonstrate color to color transition.35 The kinetics of formation36 and viscosity37 of MEPE 

solutions in different solvents were studied leading to the development of a printing 

technology.38 Recently Lahav and van der Boom have demonstrated a novel approach to 



109 

 

create multistate electrochromic materials based on two MEPE layers. The first layer bound 

to a transparent electrode works as a gate mediating or blocking electron transport from the 

second layer to the electrode.39 

In contrast to MEPEs, which are often attached to the electrode surface by adhesive 

forces, covalent anchoring of metalorganic complexes to the surface provides improved 

stability. Moreover, covalently assembled monolayers can be further extended to fabricate 

molecular dyads (bilayers), triads (trilayers), and oligomers (molecular wires) by an 

established layer-by-layer procedure using suitable metallolinkers such as Cu2+, Ag+, and 

Pd2+.40 However, alternating metal/ligand deposition to form molecular wires on the 

surface is time-consuming.41-42 We have introduced EC materials that require only a 

monolayer of an EC metalorganic complex bound to an enhanced surface area support by 

phosphonate26 or siloxane25 chemistry. These materials demonstrate a noticeable change in 

optical density in colored and bleached states (ΔOD), enhanced spectroelectrochemical 

stability, fast electron transfer, and exceptional coloration efficiency.24 Moreover, the 

monolayer nature of the materials allows the precise tuning of the oxidation state of 

particular metal ions in the surface-anchored complex. Here, we present color manipulation 

by using different metal ion centers in predefined complexes: cobalt(II), iron(II), and 

osmium(II), in mono-, bi-, and trimetallic combinations. We expect that the monolayer 

nature of the ECMs will allow to selectively address different metal centers due to 

dissimilar reduction potentials of the metal ions and will provide a closer control of the 

film coloration. 

4.3 Experimental 

2-Acetylpyridine, 4-pyridinecarboxaldehyde, cobalt(II) tetrafluoroborate hexahydrate, 

iron(II) tetrafluoroborate hexahydrate, ethylene glycol, ferrocene, propylene carbonate, 4-

(chloromethyl)-phenyltrichlorosilane, and silver nitrate were purchased from Millipore 

Sigma. Ammonium hexachloroosmate (IV), ammonium hexafluorophosphate, lithium 

trifluoromethanesulfonate, poly(methyl methacrylate), potassium hydroxide, and tetra-n-

butylamonium hexafluorophosphate were from Alfa Aesar. Ethyl alcohol and hexane were 

purchased from ACP Chemicals. Sodium hydroxide was purchased from Thermo Fisher 

Scientific. Acetonitrile (dry and HPLC grade) were from VWR. All reagents were used as 

purchased, except for hexane which was purged 20 min in N2 over molecular sieves before 
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use. The synthesis of ligand 4′-(pyridin-4-yl)-2,2′:6′,2′′-terpyridine was performed by 

following Constables’ procedure.43 The ligand was coordinated using literature procedures 

to Co (II) and Fe (II),43-44 however the BF4
− counteranion was used in both instances. The 

Os(II) complex was obtained as per published procedure.45 

UV−vis spectra in solution were measured on a Varian Cary 50 Bio UV−visible 

spectrophotometer. Diffuse reflectance measurements were performed on a PerkinElmer 

750S UV−vis Spectrophotometer with 60 mm integrating sphere. UV−vis spectra were 

recorded using Lambda 750s Scanning Quant software. For the separate color bleaching 

on single metal and mixed metal ECMs (response times determination), the measurements 

were recorded while holding the desired bleaching potential for 180 s, after holding −1 V 

application for 60 s. Long-term cycling was recorded using Lambda 750s Timedrive 

software, and cycling between −1 V hold (60 s) to +3 V hold (60 s). 

Cyclic voltammograms (CVs) 200−5 mV/s were recorded using a Solartron Analytical 

1470E potentiostat. CVs 1600−400 mV/s were recorded using a Pine Wavedriver 

potentiostat AFCBP1. CV was performed in 0.1 M TBAHFP in CH3CN as the electrolyte, 

and the cell was purged with N2 for 5 min prior to measurement. Each ECM was evaluated 

as a working electrode in a plate evaluating cell from Bio-Logic. An Ag/AgNO3 reference 

electrode (0.01 M in the electrolyte), and Pt counter electrode were used. All CVs were 

normalized to the surface area of the device within the plate evaluating cell, and to 

ferrocene/ferrocenium (Fc/Fc+). ITO coated glass (ITO/glass) was purchased from Delta 

Technologies Limited: 10 × 35 × 0.7 mm3, coating on one side, RS = 4−10 Ω, with cut 

edges. These were washed with basic piranha according to the following procedure: 

Prepared 1:5 NH4OH to H2O, then heated to 60°C. Once reached, the heat source was 

removed, and 30% H2O2 added obtaining 5:1 NH4OH(aq)/H2O2. Pieces of ITO/glass were 

placed separately in the basic piranha for 15 min, washed 3 × with H2O, 3 × with 

isopropanol, dried by N2 stream, and stored in an oven at 130°C. ITO NP paste was 

formulated as previously reported.24 In brief, high surface area ITO-50 NP paste was screen 

printed onto an ITO/glass. This was annealed for 1 h at 500°C, then 1 h at 600°C. These 

were cooled to room temperature and stored on the benchtop for future use. 

ECM depositions were performed in a N2-filled MBraun LABstar Pro glovebox. A 

silane templating layer was deposited onto the ITO-50 substrate following an adapted 
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procedure:46 in an N2-filled glovebox, a 1:50 (v/v) solution of 4-(chloromethyl)-

phenyltrichlorosilane in anhydrous hexanes was deposited for 20 min onto the ITO-50 

substrates. These were rinsed under anhydrous conditions 3 × with hexane, then 3 × with 

acetonitrile. To create the ECMs, the desired 0.4 mM metal complex in acetonitrile was 

added to the silane-functionalized substrate and sealed in a pressure tube (simultaneously 

deposited ECMs contained 0.4 mM of each metal complex in the solution). The ECMs 

were heated for 4 days at 95°C in darkness, and then cooled to room temperature. After the 

deposition, the ECM was rinsed in air 3 × with hexane, sonicated for 5 min in hexane, and 

then rinsed with acetonitrile. All samples were benchtop stable. 

Solid state ECDs required preparation of 0.1 mL Li+ gel electrolyte.23 0.1 mL of the gel 

electrolyte was coated onto the ECM NP face, covering a 1 cm2 face of the ECM. This was 

heated for 5 min at 130°C. The conductive side of a new ITO/glass piece was stuck to the 

gel-coated ECM. This was pinched together and sealed with transparent tape for extra 

support. 

4.4 Results and Discussion 

Solutions of isostructural osmium, cobalt, and iron complexes of 4′-(pyridin-4-yl)-

2,2′:6′,2′′-terpyridine (tpy) have distinctly different absorption in the visible area (SI Figure 

4.1A,B in SI A4). Moreover, cyclic voltammetry (CV) of complexes in solution shows 

reversible oxidation with half-wave potentials at 0.77 V vs Fc/Fc+ for Fe-tpy, 0.65 V vs 

Fc/Fc+ for Os-tpy, and −0.13 V vs Fc/Fc+ for Co-tpy (see experimental details on SI  Figure 

4.1C). 

When individually deposited on ITO-50 screen-printed support (SPS) and assembled 

into a solid-state device (SI Figure 4.2), the metal center oxidation from 2+ to 3+ state is 

completed upon application of +2.4 V for Fe, + 2.1 V for Os, and +1.3 V for Co, 

respectively (Figure 4.1B−D). Simultaneous deposition of three complexes on ITO-50 SPS 

results in material 3 M with uniform distribution of metal complexes on the surface (Figure 

4.1E−K). 
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Figure 4.1) (a) Schematic representation of isostructural Os, Co, and Fe complexes simultaneously anchored 

to ITO-50 screen-printed support via conventional 4-(chloromethyl)phenyl siloxane chemistry. The positive 

charges of the complexes and counteranions were omitted for clarity. Change in absorbance when applying 

different potentials to materials (ECMs) based on (b) cobalt, (c) osmium, and (d) iron complexes. Analysis 

of a material obtained by simultaneous deposition of all three complexes: (e) SEM-EDS layered image that 

demonstrates Co, Os, and Fe distribution on the surface, EDS mapping showing the on-surface distribution 

of elements forming the support (f) indium, (g) tin, and (h) oxygen; and on-surface distribution of metals 

from complexes forming the monolayer: (i) cobalt, (j) osmium, and (k) iron. 

To explore the possibility of constructing multicolor electrochromic materials, pairs of 

Os+Fe and Co+Fe complexes were simultaneously deposited on ITO-50 SPSs to give 

bimetallic ECMs and explored along with 3 M ECM (Figure 4.2). 

Table 4.1) L*a*b* and color difference (CD) of ECDs depending on the oxidation state of the corresponding 

metal complexes. 

material L* a* b* CD 

Os-Fe Os2+-Fe2+ 41.4 17.2 27.6 - 

Os3+-Fe2+ 49.9 -3.6 36.4 24.1 

Os3+-Fe3+ 66.3 5.9 52.9 37.3 

Co-Fe Co2+-Fe2+ 32.3 -5.2 6.9 - 

Co3+-Fe2+ 33.4 -6.1 9.8 3.2 

Co3+-Fe3+ 56.4 -1.2 36.2 38.1 

Co-Os-Fe 

(3M) 

Co2+-Os2+-Fe2+ 36.5 4.2 12.6 - 

Co3+-Os2+-Fe2+ 37.4 0.4 15.3 4.7 

Co3+-Os3+-Fe2+ 42.3 -4.7 22.3 14.4 

Co3+-Os3+-Fe3+ 57.0 2.9 42.3 36.1 
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Figure 4.2) Variable scan rate cyclic voltammetry (CV), UV−vis, and long-term spectroelectrochemical 

stability of materials obtained by simultaneous deposition of isostructural (a) Os and Fe complexes, (b) Co 

and Fe complexes, and (c) Co, Os, and Fe complexes (3M) on ITO-50 screen-printed support. The 

spectroelectrochemical stability experiments were carried at wavelengths characteristic of corresponding 

metal-to-ligand charge transfer (MLCT) transitions caused by alternately holding −1 V for 60 s and then +3 

V for 60 s. Insets show photographs of ECDs demonstrating the color change due to oxidation and reduction 

of corresponding metal centers. 

The results of the color analysis in L*a*b* coordinates47 (where L*, a*, and b* are the 

brightness, green-red, and blue-yellow scales, respectively) of bimetallic and 3 M ECDs 

are summarized in Table 4.1. As prepared ECDs contain complexes in their ground 2+ 

state. Cobalt oxidation (Co2+ → Co3+) in all of the ECDs was achieved by applying biases 

that result in insignificant color change (color difference (CD) from 3.2 to 4.7), which is 

perceptible only through close observation. In contrast, oxidation of the metal core of Os 

and Fe complexes leads to significant CDs perceptible at a glance. In more detail, the color 

of Os2+−Fe2+ ECM is saturated light orange-reddish (aka Paarl). Upon osmium oxidation, 

the content of green (negative a*) and yellow (positive b*) components increase resulting 

in wasabi-green color. Further oxidation of iron centers results in the lightness (L*) and 

yellow component increase to reach Anzac-yellow color. Similarly, two distinct color 

changes are observed for 3 M ECM upon osmium and iron oxidation. When all metal 
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centers of 3 M ECM are in oxidation state 2+, the material has Quincy-gray color. Cobalt 

oxidation results in a slight increase in green and yellow components. Subsequent oxidation 

of osmium centers leads to the further increase of green and yellow components resulting 

in grayish-green color. Finally, oxidation of iron centers governs the color change to a 

saturated light warm reddish-yellow (aka Luxor gold) color. These color changes are 

reversible. The spectroelectrochemical stability experiments were performed at 

wavelengths characteristic to corresponding metal to ligand charge transfer (MLCT) 

transitions by alternately holding −1 V for 60 s and then +3 V for 60 s (Figure 4.2). 

Table 4.2) Selected spectroelectrochemical properties. 

 

material 

tc(tb) (s) CE (cm2/C) 

515 nm 600 nm 700 nm 515 nm 600 nm 700 nm 

Os-Fe 0.2 (2.3) 3.5 (9.3) 1.0 (2.6) 301 657 203 

Co-Fe 1.0 (8.4) 1.2 (1.4) - 184 1583 - 

Co-Os-Fe  (3M) 0.4 (2.8) 2.4 (2.8) 2.0 (12.3) 244 721 154 

Spectroelectrochemical experiments show the fast dynamic response and excellent 

stability of Os−Fe, Co−Fe, and 3 M ECMs. The response times (defined as the time taken 

for 95% change of ΔOD) for coloration (tc) and bleaching (tb) upon application −1 and +3 

V, respectively, are summarized in Table 4.2. For most of the ECDs fabricated by 

simultaneous deposition of two metal complexes, the time required to reach the bleached 

state (tb) is slightly longer than the time of the opposite coloration process (tc). 

Coloration efficiency (CE) of the developed ECDs were calculated as a ratio of the 

change in optical density, ΔOD, to the charge density, ΔQ (Table 4.2 and SI Table 4.1). 

Notably, bimetallic and 3 M ECMs demonstrate the highest CEs at λ = 600 nm, which 

suggests effective coloration and bleaching of Fe species. The values of CE at λ = 600 nm 

are on par with that of the most efficient metalorganic ECMs.23, 29, 48 The values of CEs at 

λ = 515 nm and λ = 700 nm in Os−Fe ECM that correspond to the change of oxidation state 

of Os species are significantly smaller than that of Os in monometallic ECM. It is typical 

for ECDs with high integrated contrast ratios (i.e., ECD that absorb not in one wavelength 

but have a broad absorption region) to demonstrate lower coloration efficiencies.3 

Interestingly, the CE at λ = 515 nm of Co−Fe ECM, which is related to the oxidation state 

of Co, is slightly larger than that of Co−ECM. Since CE is a parameter that represents the 

amount of energy required for a color change, it should be related to the amount of 

addressable EC species on the surface and the diffusion of charged species through the 
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ECDs, which, in turn, can be related to the electron transport in particular ECM. The three-

electrode Laviron method was used for determining the electron transport constant (kET) in 

developed ECMs. In brief, the peak potentials obtained from CVs at fastest (normally, 

800−1600 mV/s) sweep rates were plotted versus the log of the potential scan rate, and 

their slopes were determined to give the parameter α, which is a ratio of the anodic (sa) and 

cathodic (sc) slopes (Equation 4.1). 

Equation 4.1) 𝛼 =
𝑠𝑎

(𝑠𝑎−𝑠𝑐)
 

Then, electron transport constants were calculated using Equation 4.2. 

Equation 4.2) 𝑘𝐸𝑇 =
𝛼𝑛𝐹𝜈𝑐

𝑅𝑇
=

(1−𝛼)𝑛𝐹𝜈𝑎

𝑅𝑇
 

where n is the number of electrons involved in the redox reaction, F is the Faraday constant, 

νc and νa are the scan rate at the intersection points of the log ν axis and the lines for the 

cathodic branch and the anodic branch, respectively.49-50 

 
Figure 4.3) Selected electrochemical and XPS results for 3 M ECM: plots of peak potential vs log scan rate 

(a) for cobalt and (b) for iron and osmium; plots of current density vs scan rate (c) for cobalt and (d) for iron 

and osmium, representative areas of (e) Co 2p peaks, (F) Fe 2p peaks, (g) N 1s peak, and (h) Os 4f peaks. 

Table 4.3) Electron transport constant of ECMs, surface coverage by electrochemically active species, and 

the atomic ratio of the metals on the surface of ECMs. 

 

 

material 

kET 

(s-1) 

Γ 

(molecules/nm2
device) 

atomic ratio  

(surface coverage correlation) 

Co Os Fe Co Os Fe Co Os Fe 

Os-Fe - 4.1 4.0 - 10.5 13 - 1.0 (10.2) 1.3 (13.3) 

Co-Fe 3.7 - 3.8 4.5 - 18 1.0 (4.9) - 2.4 (11.6) 

Co-Os-Fe (3M) 3.0 5.0 8.3 26 1.0 (7.0) 1.9 (14.7) 1.8 (12.6) 

 

Electron transport constants of ECMs obtained by single metal complexes deposition 

were highest for Os (5.0 s−1), while being slightly slower in ECMs based on Fe (4.1 s−1) 
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and Co (3.2 s−1) complexes. Higher electron transport rate constants were previously 

observed when comparing monolayers formed by related Fe-terpyridine complexes in 

comparison to ones formed by Os−terpyridine complexes.51 In addition, slower electron 

transport kinetics for related cobalt−terpyridine complexes in comparison with 

iron−terpyridine ones was observed and attributed to the change in spin states for 

cobalt(III) d6 which favors low spin states, while cobalt(II) d7 can experience a mixture of 

both high and low spin states.52 When determining the electron transport constants for 

ECMs containing different metal centers, it was always possible to distinguish between Co 

containing molecules, but not between Fe and Os complexes in the 3 M system due to 

insufficient peak separation (Table 4.3, Figure 4.3). 

Interestingly, the electron transport constant of osmium centers in Fe−Os ECM is 

comparable with that of iron centers. Moreover, the electron transport constants of cobalt 

centers in Fe−Co and Os−Co ECMs are slightly lower, yet comparable with that of iron 

and osmium centers. This suggests that despite the isostructural nature of the Fe, Os, and 

Co complexes, the individual metal complex deposition leads to different surface coverage 

and thus different molecular alignment on the surface. In turn, different tilt and geometry 

of the molecules on the surface can differently change the dielectric constant at the 

interface, which will affect how an applied potential drops over the molecular junction. In 

addition, different positioning of the molecules at the interface can change the 

electrode−molecule energy level alignment so as to modify the barrier height for transport 

via tunnelling and hopping through the molecular layer.53 As a result, simultaneous 

deposition of several complexes leads to different molecular packing and influences the 

electron transport. 

The plots of peak current dependence on the square root of the scan rate (SI Figure 4.3-

4.5) contain two linear areas, suggesting that at scan rates faster than 50 mV/s the process 

is diffusion-controlled, which is consistent with fast kinetics of charge transfer. In contrast, 

at slower scan rates, the redox process is surface-confined. The peak current density values 

plotted against sweep rates for all the materials (Figure 4.3, SI Figure 4.3-4.4) demonstrate 

high linearity confirming monolayer activity of the deposited complexes. This allows 

determination of the surface coverage of the device by electrochemically active species, 

Γm, using Equation 4.3.49 
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Equation 4.3) 𝑖𝑝 =
𝑛2𝐹2

4𝑅𝑇
𝜈𝐴𝑆𝑈𝑅Γ𝑚 

where ip is peak current density, and ASUR is the surface area of the device (1 cm2). 

Surface coverage of ECMs bearing individual metal complexes are 6, 37, and 27 

molecules per nm2 of the 1×1 cm2 device for Co-, Os-, and Fe-ECM, respectively. Taking 

into account that BET specific surface area of the SPS is 30 m2/g,26 and the mass of one 

support film is ∼2.0 mg, the BET specific surface area of the device is ∼600 cm2. Hence 

BET surface coverage should be considered 600 times smaller. However, the area 

accessible by bulky metal complex molecules is expectedly lower than that of N2 used for 

BET specific surface area determination. Therefore, reporting the number of molecules per 

nm2 of the device allows for easier comparison with other reports in the field. For example, 

Zharnikov has reported the packing density of monolayers of isostructural Os and Fe 

complexes grown on a flat surface using a slightly different seeding layer as 1.2 and 0.77 

molecules/nm2, respectively.54 This is in a good agreement with our results and suggests 

that when simultaneously depositing a monolayer of the complex on ITO-50 surface-

enhanced support, material equivalent to ≈31−35 monolayers grown on the flat support can 

be achieved. This statement is also supported by the corresponding increase of absorbance 

intensity in surface-enhanced ECMs compared with one of the monolayers on the flat 

support.54 

Relatively low coverage is observed for cobalt metal complex, when compared to 

isostructural iron and osmium complexes, could arise from d7 nature of the Co2+ ion (and 

therefore formal 19 e nature of the resulting Co2+ bis-terpyridine-based complex), while 

both Fe2+ and Os2+ metals are d6 and their complexes are in stable 18 e configuration. Co2+ 

d7 can experience a mixture of both high and low spin states.52 Sterics of the complex could 

be significantly altered depending on the nature of the metal complex, the spin state and 

solvation of the metal complex.55 Co2+ d7 is susceptible to Jahn−Teller distortion effect 

resulting in significant deformation within the coordination sphere. Indeed, related 

[Co(terpyridine)2]
2+ complex with S = 1/2 was reported to show Jahn−Teller compression 

type of distortion where the complex demonstrates two shorter central (axial) Co−N bonds 

and four longer distal Co−N bonds since the distal bonds are more flexible than the axial 

ones in the rigid structure of the tridentate chelating ligand.56 As a result, sterics of the Co2+ 

d7 complex is expected to be significantly different when compared to Os2+ or Fe2+ analogs. 
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Finally, the nature of the template on the surface itself could affect the deposition of 

isostructural metal complexes resulting in the preferential binding of one over other even 

for sterically similar molecular units.41 

The simultaneous deposition of a pair of complexes on the surface-enhanced support 

results in a monolayer with slightly lower packing density (Table 4.3). In contrast, 

sequential deposition of isostructural complexes to form molecular dyads (bilayers) and 

triads (trilayers) on flat support reported by Mondal and Zharnikov,57 leads to better 

packing density. 

As was mentioned above, CVs of 3 M ECM (Figure 4.2C) do not allow distinguishing 

between Os and Fe components. Since in this case the current is additive, the surface 

packing of the sum of Os and Fe building blocks can be found. Interestingly, the presence 

of three metal complexes in the solution during simultaneous deposition leads to ECMs 

with higher cobalt content. 

The atomic stoichiometry at the surface can be determined using X-ray photoelectron 

spectroscopy (XPS). XPS spectra of 3 M ECM (Figure 4.3E−H) clearly demonstrate the 

presence of Co, Fe, and Os on the surface. Co 2p, Fe 2p, and Os 4f peaks appear as doublets 

with characteristic spin−orbit splitting. Thus, Co 2p3/2 peak is centered at 781.8 eV, which 

is characteristic of Co(II) terpyridine-based complexes.27 While Fe 2p peaks partially 

overlap with higher-intensity Sn 3p3/2 and In 3p1/2 peaks of the support, peak deconvolution 

allows centering Fe 2p3/2 at 709.0 eV, typical for Fe(II).25 Os 4f7/2 peak is located at 51.7 

eV, which is close to a reported value (51.4 eV) for Co(II) in related polypyridine 

complex.58 Peak deconvolution and application of sensitivity factors59 gives the atomic 

ratio (Table 4.3) that well correlates with the surface coverage. The deconvolution of N 1s 

peak confirms the presence of metal-bounded nitrogen atoms (N 1s peak centered at 400.4 

eV), and quaternary nitrogen species (N 1s peak centered at 402.1 eV) that form during the 

deposition of the EC molecules on the seeding layer (Table 4.1A). The metal surface 

coverage calculated from CV data fits well with the metal stoichiometry from XPS. 

Moreover, XPS allows resolving Os−Fe ratio in 3 M ECM. Simultaneous deposition of all 

three metal complexes not only allows us to achieve better surface packing but higher 

osmium content in the 3 M ECM, which, in turn, leads to different accessible colors. 
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4.5 Conclusions 

In this paper, we propose a novel approach for the creation of electrochromic devices 

that demonstrate several distinct color-to-color transitions. This approach is based on a 

single-step simultaneous deposition of two or three metal complexes of 4′-(pyridin-4-yl)-

2,2′:6′,2′′-terpyridine on surface-enhanced ITO support precovered with a templating 4-

(chloromethyl)-phenylsiloxane layer. This results in ECMs in which the oxidation state of 

metal centers can be individually electrochemically addressed. Upon applying 

corresponding potentials, Os−Fe ECM demonstrates two distinct color-to-color transitions: 

from orange-reddish to wasabi-green, and to Anzac-yellow. While the amount of iron metal 

centers on the Os−Fe ECM is just slightly larger than that of osmium ones, and the electron 

transport constants for both metal centers in the Os−Fe ECM are similar, the coloration 

efficiency at the wavelength characteristic to the iron complex is significantly higher 

(CE(λ=600 nm) = 657 cm2/C) than the coloration efficiencies at the wavelength characteristic 

to the osmium species (CE(λ=515 nm) = 301 cm2/C and CE(λ=700 nm) = 203 cm2/C). 

Simultaneous deposition of corresponding Co(II) and Fe(II) complexes leads to 

preferential iron species anchoring to the surface. Small cobalt species content together 

with the smallest among the set of ECMs coloration efficiency at wavelength characteristic 

to the cobalt complex results in the fact that Co−Fe ECM demonstrates only one distinct 

color change from gray to brass-yellow upon oxidation of iron species. While simultaneous 

deposition of equimolar Co(II), Os(II), and Fe(II) complex molecules results in higher 

Co(II) loading, the electrochemical addressing of these species is accompanied by 

insignificant color change, which is only perceptible by close observation. Nevertheless, 

the simultaneous deposition of all three metal complexes (3M) leads to higher loading of 

osmium species (in comparison with Os−Fe ECM) that, in turn, returns a gray native color 

of the 3 M ECM. Gradual oxidation of the metal centers in 3 M ECM is followed by two 

distinct color changes from Quincy-gray to grayish-green, and to reddish-yellow. 
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Chapter 5. Multiple Electrochemically Accessible Colour States in 

Surface-Confined Metal-Organic Monolayers: Stepwise Embedding 

of Individual Metal Centres 

5.0 Preface 

Reproduced from Laschuk, N. O.; Ahmad, R.; Ebralidze, I. I.; Poisson, J.; Gaspari, F.; 

Easton, E. B.; Zenkina, O. V., Multiple electrochemically accessible colour states in 

surface-confined metal-organic monolayers:  stepwise embedding individual metal centres. 

Mater. Adv. 2021, 2, 953-962. doi:10.1039/D0MA00735H with permission from the Royal 

Society of Chemistry. 

In this chapter, we explore the effect of the sequential deposition to create mixed-metal 

monolayers on surface-enhanced supports. Isostructural iron(II), cobalt(II) and osmium(II) 

metal complexes with bis(4′-(pyridin-4-yl)-2,2’:6′,2’’-terpyridine) were deposited onto the 

same siloxane-template layer in the order of cobalt(II), osmium(II) then iron(II). For this, 

only one of the complexes was deposited per deposition, and then the next complex was 

deposited in the free unoccupied sites of the siloxane templating layer (and repeated for up 

to three complexes). In comparison to the previously used simultaneous method (Chapter 

4), the sequential deposition method does not significantly change the overall surface 

coverage, but it affects the ratio between the metal centers, color and color intensity of the 

electrochromic material (ECM), and improved the electronic communication and 

coloration efficiencies. The resulting bimetallic and trimetallic electrochromic devices 

(ECDs) were explored and compared, and synergetic properties were observed for the 

trimetallic system. 

5.1 Abstract 

Sequential covalent embedding of cobalt, osmium, and iron complexes of 4’-(pyridin-

4-yl)-2,2’:6’,2”-terpyridine to surface-enhanced supports pre-functionalized with a 

templating layer results in hetero-bimetallic (Os–Fe and Co–Fe) and hetero-trimetallic 

(Co–Os–Fe) monolayer materials. During sequential embedding, each subsequent metal 

complex deposits onto unoccupied sites of the templating layer leading to densely packed 

functional materials. Electrochemical and XPS results show that the packing density of 

Fe(II) species on the surface of the resulting materials is higher than those of pre-deposited 

Co(II) and Os(II) isostructural complexes. Moreover, according to Raman spectroscopy 

https://pubs.rsc.org/en/content/articlelanding/2021/ma/d0ma00735h#!divAbstract
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results, Fe-containing molecules experience steric hindrance when anchored to 

sequentially deposited Os– or Co–Os materials. The oxidation states of the metal centres 

in these materials can be successively electrochemically changed resulting in distinct 

colour-to-colour transitions. Importantly, monolayer materials formed on the conductive 

surface-enhanced indium-tin-oxide support can operate as entire working electrodes, 

which, in combination with a polymer gel electrolyte and an indium tin oxide/glass counter 

electrode, result in two-electrode electrochromic devices (ECDs). Upon operation these 

devices demonstrate some deterioration of the change in optical density (∆OD), however, 

this deterioration is mostly due to gel electrolyte decomposition. The nature of the material 

allows easy replacement of the electrolyte and the counter electrode. Re-assembly of Co–

Fe ECD using a new gel electrolyte and an ITO-glass counter electrode results in almost 

complete ∆OD recuperation. 

5.2 Introduction 

Electrochromic (EC) materials that are able to change colour and transparency upon 

the application of external voltage1 are used in displays, signage, smart-boards, and energy-

saving smart windows.2 There is a very high demand for novel stable and responsive 

electrochromic materials (ECMs) that are able to switch between multiple coloured states 

to support the functionality of multicolour electronic devices. In addition, there is evidence 

of light and colour influence on the emotional state, heart rates and overall human 

behaviour,3 therefore, aesthetic benefits of colour tunability should also be taken into 

consideration upon the design of ECMs for smart building coatings, EC windows, etc. 

While ECMs of many different colours could be accessed using various manufacturing 

technologies and a wide range of individual components, not many reported EC systems 

have demonstrated multichromic properties, i.e., the ability to support multiple colour-to-

colour transitions within the same film. The vast majority of non-plasmonic ECMs 

invented to date are limited to one transition between the coloured and transparent or 

bleached state.4-6 Multichromic properties are relatively rare for all classes of ECMs 

ranging from conductive polymers,7 organic molecules,8-10 transition metal complexes,11-

14 and composite materials.15 Metal–organic complexes that form supramolecular 

structures or framework-supramolecular metallopolymers are a very promising class of 

ECMs that often show higher stability than organic analogues and better performance than 
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pure metal–oxide EC surfaces.16-18 The incorporation of two or more different redox-active 

metal ions in the metallopolymer allows multiple coloured transitions due to a combination 

of the metal-to-ligand charge transfer (MLCT) and intervalence charge transfer (IVCT) 

transitions. Multiple factors such as the distance between metal centres, coordination 

environment and interconnectivity, as well as thicknesses of the metal coordination wire 

and coordination network define electrochemical addressability within the system, rates of 

the electron transfer, and colour transitions. Huguchi et al. reported the synthesis of a series 

of Fe–Ru and Fe–Os based bimetallo-supramolecular EC polymers by the stepwise 

coordination of corresponding metal ions to bis(terpyridyl)benzene followed by a spin- or 

spray-coating of the polymer onto ITO/glass surfaces.13, 19 Resulting materials demonstrate 

two distinct colour-to-colour EC transitions based on different redox potentials of the metal 

ions. Covalent attachment of EC molecules to conductive electrodes by using suitable 

phosphonic,20 silane21 linkers or by diazonium coupling6 normally improves the overall 

stability of the resulting electrochromic devices (ECDs). Layer-by-layer deposition of 

multiple metal–organic units on a flat conductive support is a very beneficial strategy to 

prepare effective ECMs. Although thicker EC layers are expected to cause a more 

prominent change in the optical density, there are thickness limitations associated with 

through-layer charge transfer. The synergistic combination of a durable transparent 

conductive metal oxide (TCO) support that has an enhanced surface-to-volume ratio with 

EC counterparts allows faster ion/electron-transfer within the EC layer and provides 

additional stability to the system.22-23 In certain cases, thicker metal–organic layers can 

demonstrate interesting charge trapping properties and need an alternative stimulus such as 

external light or extra voltage for charge release. For example, Lahav and van der Boom 

have demonstrated2 that separating a transparent metal oxide electrode and a layer of iron12 

or cobalt24 polypyridyl-based EC polymer using a layer of isostructural ruthenium-based 

metal–organic complex leads to a situation where the Ru(II) complex blocks charge 

transfer and traps positive charge stored in the Fe(III) or Co(III) layer. The consecutive 

charging and discharging of these ECMs are accompanied by several colour-to-colour 

transitions. 
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Scheme 5.1) Stepwise deposition of Co, Os, and Fe complexes of 4’-(pyridin-4-yl)-2,2’:6’,2”-terpyridine on 

the surface-enhanced support bearing 4-(chloromethyl)phenyl siloxane results in materials with a wide 

variety of colours. Inset (a) shows a typical optical profile (up) and typical SEM image (below) of the support. 

Insets (b–d) show the colour changes upon electrochemical addressing the oxidation state of the metal centres 

in covalently-anchored monolayer molecules. 

We have introduced the concept of monolayer ECMs by covalently embedding a single 

molecular layer of EC transition metal complex onto a TCO with an enhanced surface 

area.25 This technology utilizes conventional chemistry26-27 and offers materials with ultra-

high cycling durability28 and excellent colouration efficiency.29 The design of ECMs based 

on covalent anchoring of metal–organic complexes to a surface-enhanced conductive 

support (SES) pre-functionalized with a templating layer (Scheme 5.1, inset A) has 

numerous advantages. The monolayer nature of the EC component makes these materials 

atom efficient, benefitting from fast electron transfer, and excellent colouration efficiency. 

Fine-tuning the sterics and electronics of the ligand28 leads to materials of different colours 

that can be switched between coloured and bleached states by applying a small voltage. 

The covalent attachment of EC molecules to the support provides exceptional stability and 

allows thousands of cycles to be performed with little-to-no deterioration of change in 

optical density (∆OD).2 
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Along with the metal–organic complexes, a surface-enhanced support is essential for 

this type of ECMs. It is made by screen printing conductive indium tin oxide (ITO-50) 

nanoparticles on a highly conductive (RS = 4–10 Ω) ITO/glass substrate (Scheme 5.1, inset 

A) providing a Brunauer–Emmett–Teller (BET) specific surface area of 30 m2 g-1 of SES.25 

The simultaneous deposition of several metal complexes leads to ECMs where metal 

centres can be separately electrochemically addressed, resulting in several distinct colour-

to-colour changes.30 The sequential deposition of individual metal complexes is expected 

to result in the formation of a densely packed monolayer, which, in turn, will lead to more 

efficient materials with a large number of achievable colour shades. Here we report a 

controlled procedure for sequential deposition of cobalt(II), osmium(II), and iron(II) 

complexes of 4’-(pyridin-4-yl)-2,2’:6’,2”-terpyridine from the corresponding solutions 

onto ITO SES pre-functionalized with a 4-(chloromethyl)phenyl siloxane templating layer. 

5.3 Experimental 

5.3.1 Materials 

Cobalt(II) tetrafluoroborate hexahydrate, iron(II) tetrafluoroborate hexahydrate, 

ethylene glycol, 2-acetylpyridine, 4-pyridinecarboxaldehyde, ferrocene, propylene 

carbonate, sodium hydroxide, aqueous ammonia solution 25%, silver nitrate, and ITO 

nanopowder <50 nm particle size (mentioned in the main text as ITO-50) were purchased 

from Millipore Sigma. Ammonium hexafluorophosphate, ammonium 

hexachloroosmate(IV), lithium trifluoromethanesulfonate, potassium hydroxide, 

poly(methyl methacrylate), and tetra-n-butylamonium hexafluorophosphate were obtained 

from Alfa Aesar. Solvents (ethyl alcohol, hexane, isopropanol, and anhydrous acetonitrile) 

were purchased from VWR. All reagents were used without purification, except for hexane 

which was purged for 20 min in N2 over molecular sieves before use. ITO coated glass 

(ITO/glass) was purchased from Delta Technologies Limited: 10 × 35 × 0.7 mm, coating 

on one side, RS = 4–10 Ω, with cut edges. 

5.3.2 Surface Enhanced Supports 

ITO coated glass (ITO glass) was submerged in basic piranha for 15 min. CAUTION! 

Piranha solution is an extremely dangerous oxidizing agent and should be handled with 

care using appropriate personal protection. (Basic piranha was obtained by adding 10 mL 

of aqueous ammonia solution (25%) to 50 mL of deionized (DI) water and heating to 60oC. 



133 

 

Then the heat was removed and 10 mL of hydrogen peroxide (30%) was added. The 

solution was used immediately after preparation). ITO/glass pieces were placed separately 

in the basic piranha for 15 min, washed 3 × with DI H2O, 3 × with isopropanol, dried in a 

N2 stream, heated in an oven at 130oC for 2h and used for screen printing of the surface 

enhance support. The ITO-50 paste for screen-printing was formulated using a PQ-N04 

planetary ball milling machine by Across International, equipped with 75 mL agate jars 

and 6 mm agate beads, operating for 24 h at 200 rpm as previously reported.29 Screen 

printing of the paste on ITO glass was performed with a 90 T polyester mesh screen by 

Mismatic, S.N.C. The printing procedure was repeated several times to achieve a suitable 

thickness of the support. A drying step of 5 min at 120oC was performed between each 

layer printing. The annealing of screen-printed films was performed by increasing the 

temperature from 20oC to 500oC at 5oC min-1, holding films at 500oC for 1 h, followed by 

increasing the temperature from 500oC to 600oC at 5oC min-1 and holding the film at 600oC 

for 1 h. 

Templating layer deposition was performed in N2-filled MBraun LABstar Pro 

glovebox. Screen-printed supports annealed to ITO glass slides were submerged into 1:50 

(V/V) solution of 4-(chloromethyl)phenyltrichlorosilane in anhydrous hexane for 20 min 

onto the ITO-50 substrates. Then the slides were rinsed in a glove box 3 × with hexane, 3 

× with acetonitrile, and dried in a vacuum. 

5.3.3 Synthesis of Ligand and Metal Complexes 

4’-(Pyridin-4-yl)-2,2’:6’,2”-terpyridine was synthesized according to the published 

procedure.31 Os(II), Co(II), and Fe(II) complexes of 4’-(pyridin-4-yl)-2,2’:6’,2”-

terpyridine were synthesized by using previously reported procedures.31-32 

5.3.4 ECM Fabrication 

Slides pre-functionalized with the templating layer were placed into Ace-glass pressure 

tubes filled with N2, and a 0.4 mM solution of the desired metal complex in acetonitrile 

was added. The tube was sealed and heated at 95oC for 100 h in the dark and then cooled 

down to room temperature. The slides were rinsed with acetonitrile (3 × 20 mL) prior to 

submersion into the pressure tube, followed by the addition of 0.4 mM solution of the next 

metal complex, filling the tube with N2, sealing, and repeating heat treatment. This was 

repeated for the third metal, if necessary for the desired ECM. Sequential deposition of 
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metal complexes was performed in the following order: Co2+, Os2+, and then Fe2+, as 

required for the specific ECM. For all ECMs, once the final metal complex was deposited, 

the ECM was rinsed in air with hexane (3 × 20 mL), sonicated in hexane for 5 min, and 

then rinsed with acetonitrile (3 × 20 mL). A solid-state ECD setup was similar to the one 

reported by van der Boom.33 Briefly, ECDs were obtained by covering ECM with a gel–

electrolyte and a top ITO electrode. 

5.3.5 Instrumentation 

UV-vis spectra of ECMs were recorded on a PerkinElmer 750S UV-vis 

spectrophotometer equipped with 60 mm integrating sphere in the diffuse reflectance 

mode. Long term cycling was recorded using Lambda 750’s Timedrive software, with 

cycling from -1 V hold (60 s) to +3 V hold (60 s). Cyclic voltammograms (CVs) at sweep 

rates of 200–5 mV s-1 and electrochemical impedance spectroscopy (EIS) measurements 

were recorded using a Solartron Analytical 1470E potentiostat. For EIS, the Solartron was 

coupled to an SI 1260 impedance/gain phase analyzer, measuring from 80×103 to 0.1 Hz 

with a 5 mV amplitude signal. EIS impedance was measured at all bias potentials 

demonstrating redox activity, and additionally 1.1 V vs. Fc/Fc+ as the Cdl, which was 

specifically chosen to ensure consistency in the baseline with the different metal 

combinations. CVs using sweep rates of 1600 – 400 mV s-1 were recorded using a Pine 

Wavedriver potentiostat AFCBP1. All CVs were performed using 0.1 M TBAHFP in 

CH3CN as the electrolyte, which was purged with N2 for 5 min prior to measurement. The 

ECMs were connected as the working electrode in a plate evaluating cell from BioLogic. 

A Pt counter electrode and Ag/AgNO3 reference electrode (0.01 M in the electrolyte) were 

used. All CVs were normalized to the geometric area of the electrode within the plate 

evaluating cell. All potentials reported here have been corrected to the 

ferrocene/ferrocenium (Fc/Fc+) potential. XPS measurements were performed using a 

Thermo Scientific K-Alpha instrument equipped with a monochromated Al Kα (1486.7 

eV) X-ray source and 1801 double-focusing hemispherical analyzer with effective charge 

compensation. A smart fit algorithm was used for background subtraction and Powell peak-

fitting algorithm was used for data analysis. Raman spectroscopy was performed using an 

inVia confocal Raman Microscope by Renishaw (2400 mm-1 (vis) grating, including a 

Renishaw Centrus OMCN39 CCD detector). The laser used was a Nd:YAG with 
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50mWpower output and nm λexcitation = 532 nm. Scanning electron microscopy (SEM) 

images were recorded using a Hitachi FlexSEM 1000. 

5.4 Results and Discussion 

Table 5.1) L*a*b*, colour, and colour difference (CD) of ECMs. CD was determined as the difference in 

colour coordinates caused by the oxidation of the corresponding metal centre: 

CD=[(∆L*)2+(∆a*)2+(∆b*)2]1/2. 

Material L* a* b* Colour/Hue CD 

Support 67 -1 48 Brass/Yellow - 

Fe2+ 45 -5 -11 Bismarck/Blue - 

Os2+ 30 18 3 Tawny Port/Red - 

Co2+ 54 11 24 Pale Brown/Brown - 

Os2+-Fe2+ 27 22 4 Tawny Port/Red - 

Os3+-Fe2+ 38 -5 14 Woodland/Green 18.2 

Os3+-Fe3+ 49 -1 28 Yellow Metal/Yellow 41.0 

Co2+-Os2+ 25 21 3 Wine Berry/Red - 

Co2+-Fe2+ 39 -2 17 Verdigris/Grey - 

Co3+-Fe2+ 41 -10 19 Woodland/Green 8.5 

Co3+-Fe3+ 59 1 44 Luxor Gold/Yellow 32.7 

Co2+-Os2+-Fe2+ 25 15 25 Baker's Chocolate/Brown - 

Co3+-Os2+-Fe2+ 32 14 26 Dark Brown/Brown 7.1 

Co3+-Os3+-Fe2+ 40 -2 34 Olivetone/Green 19.6 

Co3+-Os3+-Fe3+ 56 7 45 Reef Gold/Yellow 21.4 

Traditionally, red, yellow, and blue are considered three primary colours from which 

all other colours can be derived. When individually deposited on a light-yellow SES, the 

iron(II) complex leads to blue, osmium(II) complex results in wine red, and cobalt(II) 

complex results in pale brown colour (see details in Table 5.1). During the sequential 

deposition, each subsequent coloured complex is expected to deposit onto unoccupied sites 

of the templating layer via conventional alkylation of the 4-pyridyl moiety of the complex 

with a halocarbon (chloromethyl) group of the templating layer forming quaternary 

ammonium salts (Scheme 5.1). Different combinations of these complexes on the surface 

will lead to a variety of colours.  

The change in the oxidation state of certain metal centres upon adjusting the applied 

potential is visible to the naked eye (Figure 5.1, insets B–D) and can be tracked from the 

UV-vis spectra (Figure 5.1A–C). Indeed, the sequential deposition of Os(II) and Fe(II) 

complexes results in the Os–Fe material of tawny port colour, which is very close to a wine 

berry colour that is achieved by stepwise deposition of Co(II) and Os(II) complexes (Co–

Os ECM). Stepwise deposition of Co(II) and Fe(II) complexes leads to light grey colour 

complexes. Electrochemical oxidation of Co(II) to Co(III) in the Co–Os material results in 

an insignificant colour difference (CD), which is perceptible only through close 
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observation. As a result, the Co–Os system cannot be considered as truly multichromic and 

will not be discussed here. 

 
Figure 5.1) The change in absorbance of ECMs assembled into a solid-state device upon application of 

different potentials: (a) Os–Fe, (b) Co–Fe, and (c) Co–Os–Fe. Raman spectra (d) of sequentially deposited 

Os–Fe, Co–Fe, and Co–Os–Fe ECMs (top) and Fe ECM (bottom). Representative XPS spectra showing the 

presence of (e) Co, (f) Fe, and (g) Os on the surface of Co–Os–Fe ECM. 

In contrast, the Os–Fe system demonstrates two distinct colour changes (Figure 5.1, 

inset B) from tawny port to woodland green upon oxidation of Os(II) to Os(III) followed 

by woodland to yellow metal colour transition upon oxidation of Fe(II) to Fe(III). The 

oxidation state and therefore the colour of the metal centres in ECM fabricated by the 

sequential deposition of Co(II), Os(II), and Fe(II) complexes (Co–Os–Fe) can be 

individually addressed too (Figure 5.1C and Scheme 5.1, inset C). Interestingly, the 

transition from 2+ to 3+ oxidation state accompanied by the disappearance of colour in 

ECMs containing one-type metal moieties takes place upon application of +1.3 V for Co, 

+2.1 V for Os, and +2.4 V for Fe, respectively. The shift or redox potentials towards each 

other in hetero-bimetallic and hetero-trimetallic ECDs observed here is consistent with the 

results of Higuchi and Kurth observed on hetero-bimetallic (Fe–Ru) metalorganic 

polymers34 and are associated with metal–metal interactions.35 

While similar to Co–Os ECM, the Co(II) to Co(III) transition in the Co–Os–Fe material 

results in slight lightening (see numerical values in CIE in L*a*b* coordinates in Table 1), 

the change in the oxidation state of Fe and Os complexes leads to two distinct colour 

changes. In more detail, oxidation of osmium in Co–Os–Fe ECM results in slight lightening 

(higher L* values) and significant increase of green (negative a*) and yellow (positive b*) 

components leading to rain forest green colour. Subsequent oxidation of iron centres results 



137 

 

in further lightening, the increase of the red (positive a*) and yellow components leading 

to the reef gold yellow colour. Finally, the Co–Fe ECM also demonstrates two colour-to-

colour changes (Scheme 5.1, inset D). The oxidation of cobalt centres leads to light grey to 

woodland green colour transition, while subsequent oxidation of iron centres results in the 

conversion of woodland green to luxor gold yellow. 

The ability to perform particular colour-to-colour transitions is determined by the 

quantity and composition of the metal centres on the surface. Raman spectra of ECMs were 

measured using 532 nm as the excitation wavelength, which can lead to enhanced 

transitions related to the chromophore36 (Figure 5.1D). All materials demonstrate peaks at 

1023, 1292, 1365, 1474, 1538, and 1614 cm-1, characteristic of pyridine ring stretches of 

metal complexes.37 Interestingly, Co–Fe ECM demonstrates higher intensity absorption in 

the 2230 to 3300 cm-1 region than that of Os-containing ECMs (Figure 5.1D, top). Similar 

higher intensity absorption associated with symmetric C–H stretching is observed for Fe 

ECM (Figure 5.1D, bottom). The intensity of a particular C–H bond symmetric stretching 

depends on the angle at which the bond is located in relation to the surface. Maximum 

intensity will be expected for the stretching of C–H bond normal (90o) to the surface, while 

the intensity will fall with the decrease in the angle.38 Raman results allow us to suggest 

that Fe-containing molecules have a similar on-surface orientation when deposited on the 

templating layer of bare or Co-pre-functionalized SES. In contrast, when sequentially 

deposited on Os– or Co–Os ECMs, Fe-containing molecules experience steric hindrance 

and change the native angle to the surface. 

To get a better idea about the surface coverage and metal ion stoichiometry, a 

combination of cyclic voltammetry (CV) and X-ray photoelectron spectroscopy (XPS) was 

used. The peak current plotted vs. cycling rates of developed ECMs (SI Figure 5.1-5.3) are 

highly linear (R2 ≥ 0.952), which is consistent with the monolayer nature of the materials 

and thus can be used for the determination of the surface coverage Γm: 

Equation 5.1)   𝑖𝑝 =
𝑛2𝐹2

4𝑅𝑇
𝜈𝐴𝑆𝑈𝑅𝛤𝑚 

where ip is peak current density passing through 1 cm2 of the ECD and ASUR is the surface 

area of the device. 

The insignificant difference in the peak potential of iron and osmium at Co–Os–Fe 

ECM allows the determination of their total but not individual content. From CV 
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measurements of Co–Os–Fe ECM, the overall Fe and Os surface coverage is 28 molecules 

nm-2 of the device, while the surface coverage of Co is 8 molecules nm-2 of the device. The 

analysis of Co 2p, Fe 2p and Os 4f XPS peaks (Figure 5.1E–G) after applying Wagner 

sensitivity factors39 allows the determination of Co:Os:Fe stoichiometry as 1.0:1.6:4.5, 

which corresponds to 5 cobalt, 8 osmium, and 22 iron-containing molecules deposited at 

one nm2 of the device. Applying a similar algorithm to Os–Fe ECM results in 7 osmium 

and 16 iron-bearing molecules at one nm2 of the device. Finally, Co–Fe ECM contains 4 

cobalt and 16 iron complexes at one nm2 of the device. The lower packing density of the 

d7 Co(II) bis-terpyridine-based complex can result from the 19 electron nature of the 

complex, while formally isostructural d6 Os and Fe complexes, existing in a stable 18 

electron configuration, have in fact different electronics. The difference in electronic 

configuration results in different steric effects of the metal complex, which proceeds 

through changes in the geometry around the metal centre. In more detail, to reduce the 

energy, the Co(II) complex is expected to lower the symmetry demonstrating a Jahn–Teller 

geometrical distortion, as recently shown for similar Co(II) complexes.40 Finally, the 

templating layer itself was shown to have different binding affinities to formally similar 

molecular units.41 The results show that the stepwise deposition of cobalt, osmium, and 

iron complexes on the SES leads to a coating with a high content of iron species on the 

surface that is not achievable by simultaneous deposition.30 This, in turn, allows reaching 

a variety of green shades. 

The analysis of photoemission signals allows the determination of the chemical state 

of elements on the surface. Thus, as prepared Co–Os–Fe ECM exhibits a Co 2p3/2 peak 

located at 781.1 eV similar to that reported for the related Co(II) complex;18, 42-43 the Fe 

2p3/2 peak is centred at 708.5 eV, typical for Fe(II),13-14 and Os 4f7/2 peak is observed at 

51.9 eV, characteristic of Os(II).13-14 The N 1s spectra of ECMs (SI Figure 5.4) contain two 

states: with a binding energy (BE) of 400 eV corresponding to aromatic nitrogen atoms (N) 

bound to metal ions, and with BE = 402 eV characteristic of the quaternized (N+) nitrogen 

atoms. A shift towards higher BE values in comparison to non-complexed nitrogen atom27 

is consistent with the decrease of the electron density on the nitrogen atoms caused by 

binding to metal ions. The N:N+ ratio for Os–Fe, Co–Fe, and Co–Os–Fe are 6.6:1.0, 

6.7:1.0, and 6.9:1.1, respectively, which is close to the expected 7:1 stoichiometry. 
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Interestingly, the full width at half maximum (FWHM) of the N state of Co–Fe ECM equal 

to 1.9 eV is smaller than that of Os–Fe and Co–Os–Fe ECMs, which are 2.2 and 2.3 eV, 

respectively. The peak broadening is in good agreement with the presence of several 

nitrogen-bonded species on the surface. Moreover, the broadening of the N peak 

component in Os-containing materials is expected due to a more electron rich Os centre. 

The electron transfer rate constants (kET) of materials were determined by the Laviron 

method in a 3-electrode cell. The cell was filled with an anhydrous deoxygenated 

electrolyte (0.1 M TBAHFP in CH3CN), included an ECM as a working electrode, a Pt 

counter electrode and a Ag/AgNO3 reference electrode. Although kET for the Co species of 

each material can be unambiguously determined, the convergence of Os and Fe peaks at 

fast CV scan rates allows the determination of the joint electron transfer rate for Os and Fe 

species. The electron transfer rate constants summarized in SI Table 5.1 are in the range of 

3.1 to 5.0 s-1, which are comparable to those reported for vinylferrocene covalently bound 

to ITO.44 

 
Figure 5.2) The Nyquist plots for sequentially deposited (a) Co–Fe, (b) Os–Fe, and (c) Co–Os–Fe ECMs. 

The Randles plots for (d) Co–Fe, (e) Os–Fe, and (f) Co–Os–Fe ECMs. The measurements were performed 

in a 3-electrode cell. 

Electrochemical impedance spectroscopy (EIS) was applied to evaluate the change in 

the internal resistance of ECMs with different metal–metal combinations. To do so, the 

impedance was measured at the applied bias of each metal center’s half-wave potential 

(represented as E1/2(M)). While there was an overlap of the Os2+/3+ and Fe2+/3+ redox potential 
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on the Co–Os–Fe ECM, there was a minor peak separation observed for the Fe–Os, 

allowing for separate analysis. The EIS data is presented as a Nyquist plot (Z” vs. Z’ where 

Z” is the imaginary impedance and Z’ is the real impedance) (Figure 5.2A–C), which 

allowed further characterization through a plot of Z’ vs. ω-12 (where ω is the angular 

frequency), referred to as the Randles plot (Figure 5.2D–F). At lower frequencies, the 

approximately linear region obtains a slope according to the equation Z’ = σω-1/2 in which 

σ is the Warburg coefficient that was used to evaluate the ion mobility within the material. 

From this parameter, the diffusion coefficient (D) is calculated using Equation 5.2: 

Equation 5.2)  𝜎 =
𝑅𝑇

𝑛2𝐹2𝐴√2
(

1

𝐷1/2𝐶∗) 

where C* is the electrolyte concentration, n is the number of electrons transferred, R is the 

gas constant, T is the temperature in Kelvin, and F is the Faraday constant.  

A larger magnitude of D represents faster ion mobility.45-46 Fastest ion mobility was 

observed for the Co–Os–Fe ECM, 4.4×10-9 cm2 s-1 at the Fe–Os half-wave potential and 

2.0×10-9 cm2 s-1 at the Co half-wave potential. Slower ion mobility is observed for Co–Fe 

ECM, 2.7×10-9 cm2 s-1 for Fe and 1.1×10-9 cm2 s-1 for Co. The slowest ion mobility was 

observed for Os–Fe, which was calculated separately due to reasonable peak separation in 

the CV, 1.1×10-9 cm2 s-1 for Fe and 1.4×10-9 cm2 s-1 for Os. Therefore, improved ionic 

mobility is observed upon Co–Os–Fe metal mixing. Moreover, the internal resistance (RΣ) 

represents the sum of the ionic (Rion) and electronic (Relec) resistance in the porous layer.47 

Projecting the Warburg length to the Z’ axis allows one to obtain the magnitude of RΣ/3, 

which can be isolated to solve for RΣ (Figure 5.2D–F). Relec is assumed to be much smaller 

than Rion, and thus RΣ equals the magnitude of Rion.
48 Materials with larger magnitudes of 

Rion will experience slower ionic mobility, and vice versa. There is a decline in Rion when 

the three complexes are mixed together on the Co–Fe–Os ECM, which would allow better 

ion mobility, as observed for the diffusion coefficient. 

The sheet resistances (RS) were measured to be 149 Ω sq-1 for Fe–Co, 164 Ω sq-1 for 

Fe–Os, and 156 Ω sq-1 for Co–Os–Fe ECMs, respectively. While similar in magnitude, 

there is a slight trend with Fe–Co having the lowest RS, followed by Co–Os–Fe, and finally 

Fe–Os with the highest RS, which aligns to the trend of the average RΣ values (SI Table 

5.2). 
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Table 5.2) Colouration (tc) and bleaching (tb) times, and colouration efficiency (CE) of ECDs. 

Material λmax tc (s)  tb (s)  CE (cm2 C-1) 

Os-Fe λ515 8.6 9.0 1102 

λ600 1.0 3.1 901 

λ700 8.8 10.0 657 

Co-Fe λ515 1.2 7.8 73 

λ600 0.6 1.6 921 

Co-Os-Fe λ515 1.0 2.0 387 

λ600 0.9 1.3 1315 

λ700 1.4 1.5 601 

ECDs were built as a 2-electrode cell where an ECM working electrode and ITO/glass 

counter electrode were separated by a polymer gel electrolyte. Colouration (tc) and 

bleaching (tb) times of ECDs are summarized in Table 5.2. The colouration and bleaching 

at a wavelength of λmax = 600 nm that corresponds to the redox of iron species do not 

exceed 3.1 s. In contrast, transitions of the osmium species at 515 and 700 nm take longer 

(Table 5.2). 

The slower switching times are the result of the disparity between the ionic mobilities 

of liquid vs. gel electrolytes. Gel electrolytes are well known to experience ion mobility 

magnitudes lower than liquid electrolytes, but their implementation is necessary for real 

device design to avoid electrolyte leaks that would occur using a liquid-type electrolyte.49 

Interestingly, the ECMs containing cobalt species demonstrate faster colour transitions 

at λmax = 515 nm and λmax = 700 nm, which originate from osmium bearing molecules, 

perhaps, due to intervalence charge transfer.50 This effect might also influence the 

colouration efficiency (CE) of the materials. To define the CE of the devices operating in 

their linear region for changes in both optical density and charge density, two sets of graphs 

were plotted (Fig. 3) following the methodology described by Fabretto et al.51 Although 

the packing density of iron-bearing moieties in Co–Fe is comparable with those of Os–Fe 

ECM, the CE at the characteristic wavelength of iron is slightly larger in Co–Fe ECM. 

Moreover, intervalence charge transfer in Co–Os–Fe ECM might be the reason for a 

decrease of colouration efficiency (Figure 5.3) at wavelengths characteristic to cobalt (515 

nm) and osmium (515 and 700 nm) accompanied by an increase in colouration efficiency 

at the characteristic wavelength of iron-bearing molecules (600 nm). 
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Figure 5.3) Colouration efficiency (CE) of ECDs at different wavelength: Os–Fe at (a) 515 nm, (b) 600 nm, 

(c) 700 nm; Co–Fe at (d) 515 nm, (e) 600 nm; and Co–Os–Fe at (f) 515 nm, (g) 600 nm, (h) 700 nm. 

Chronoabsorptometry of Co–Os–Fe ECD upon cycling between -1 V and 3 V with 60 s hold at a wavelength 

characteristic of MLCT for the corresponding complexes: (i) 515 nm – Co and Os, (j) 600 nm – Fe, and (k) 

700 nm – Os. Long-term cycling stability experiment performed for Co–Fe ECD by following the absorbance 

at 600 nm: (l) after 1500 cycles, the ∆OD retention is 63%. Disassembly of ECD followed by ECM cleaning 

from waste gel electrolyte and re-assembly using the new gel electrolyte and counter ITO/glass electrode 

results in ECD with restored properties (∆OD retention is 96%). When ECD is heated to 100oC for 1000 s 

and then cooled down, the ∆OD retention is 60%. 

As we have mentioned before, the covalent bonding of each individual EC molecule to 

the conductive support often grants long-term stability to the resulting ECDs. Continuous 

cycling between –1 and 3 V with 60 s hold time for 10 h results in insignificant ∆OD decay 

(Figure 5.3 and SI Figure 5.8-5.9) Co–Fe ECD was used to estimate long-term stability 

since it demonstrates the worst retention of ∆OD at 600 nm (78% after 10 h cycling). Fresh 

Co–Fe ECD exhibits a ∆OD600nm of 24%. After 1000 cycles, the ∆OD600nm of Co–Fe ECD 

decreases to 18.5% (∆OD600nm retention is 77%); while after 1500 cycles, ∆OD600nm falls 

to 15% (∆OD600nm retention 63%). The shape change of spectroelectrochemical curves 

upon cycling (Figure 5.2L) suggests that gel electrolyte decomposition is responsible for 
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the ∆OD deterioration.25 After 50 h of continuous cycling, Co–Fe ECD was disassembled, 

the resulting ECM was sonicated in acetonitrile to remove the used electrolyte, and then 

re-assembled into ECD using a new gel electrolyte and an ITO-glass counter electrode. The 

re-assembled ECD demonstrates almost complete property recuperation (∆OD600nm = 23%, 

∆OD600nm retention is 96%). 

We have also performed a temperature stability experiment following the procedure 

recently reported by Higuchi for his ECDs based on ditopic bis-terpyridine Fe-

supramolecular polymer.52 Briefly, Co–Fe ECD, re-assembled after a long-term stability 

test, was heated to 100oC for 1000 s and cooled down to 25oC. After this, the ∆OD600nm 

drops to 14.5% (∆OD600nm retention is 60%). The drop in ∆OD for both systems results 

from gel electrolyte deterioration, which in turn, decreases ionic mobility through the 

device.52 

5.5 Conclusions 

Sequential deposition of Co(II), Os(II), and Fe(II) complexes of 4’-(pyridin-4-yl)-

2,2’:6’,2”-terpyridine on surface-enhanced ITO supports leads to Os–Fe, Co–Fe, and Co–

Os–Fe ECMs. The ability to one-by-one address the oxidation state of the metal centres 

allows each ECM to exhibit two distinct colour-to-colour transitions. The colouration 

efficiencies at the characteristic wavelength corresponding to osmium and iron transitions 

in Os–Fe ECM are comparable but the switching time of osmium in this system is relatively 

high (up to 10 s). In contrast, the introduction of cobalt to reach Co–Os–Fe ECM leads to 

lower colouration efficiencies related to the osmium oxidation state change with faster (up 

to 2 s) switching times. The trends observed in electrochemical impedance spectroscopy 

align to other electrochemical measurements, including the electron transport constants 

(kET) and chronoabsorptometry measurements (tb and tc). Faster electron kinetics were 

found for Co–Os–Fe and Co–Fe ECMs. While the kET value for Co–Fe at the Co half-wave 

potential is relatively fast compared to its diffusion coefficient, the material experiences 

relatively low internal resistance at this half-wave potential, suggesting improved electron 

transfer. Finally, the slowest values of electron transport were observed for Os–Fe ECM, 

which is unsurprising due to the higher resistance values. The ability to combine several 

isostructural metal complexes that results in different individual colours such as blue 

(Fe2+), wine-red (Os2+), and pale-brown (Co2+) with the native yellow colour of the surface-
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enhanced ITO support opens a door for the development of advanced multistate ECMs that 

demonstrate multichromic transitions, through which all other colours can be derived. 
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Chapter 6. Osmium and Cobalt Terpyridine Electrochromic Devices for 

“Smart” Signage Application: The Effect of Lighting on Colour 

Perception 

6.0 Preface 

Reproduced with permission from Laschuk, N. O.; Ebralidze, I. I.; Easton, E. B.; 

Zenkina, O. V., Osmium and cobalt terpyridine electrochromic devices for “smart” signage 

application: the effect of lighting on colour perception. Adv. Electron. Mater. 2021, 

2100460. doi:10.1002/aelm.202100460. Copyright 2021 Wiley. 

Here, the cobalt(II) and osmium(II) terpyridine-based monolayer electrochromic 

material (ECM) combination using the bis(4'-(pyridin-4-yl)-2,2':6',2''-terpyridine) ligand is 

reviewed. The electrochromic devices (ECDs) were investigated under different lighting 

conditions, particularly under various lighting conditions. The L*a*b coordinates 

commonly applied for ECM characterization are dependent on the light conditions, so it is 

important to understand how the color perceived in different conditions. 

In this work, it was demonstrated that the best color differences (CDs) between ‘on’ 

and ‘off’ modes are observed at 590 nm (yellow light) irradiation and not under white light. 

Interestingly, the color perceived could be significantly enhanced under the optimized 

lighting conditions. This will allow to apply the correct light source to view an ECD in the 

dark. The Os ECD is compared to the Co-Os ECD combination to validify the results, 

revealing that the multichromatic combination had the largest CDs. 

6.1 Abstract 

Modern electrochromic devices (ECDs) have found a wide range of applications, which 

are not limited to the traditional design of “smart” windows and self-dimming mirrors. 

Novel cutting-edge applications in optoelectronics and particularly in low energy displays 

and “smart” signage require electrochromic materials (ECMs) that demonstrate significant 

changes in optical density, fast switching times, and colour differences between the 

coloured and bleached states that are visible to the naked eye. Here we present our ECMs 

that were designed by the chemical deposition of electrochromic Co(II) and Os(II) 

complexes and their mixture on surface-enhanced support fabricated by screen printing of 

indium tin oxide (ITO-50) nanoparticles on an ITO/glass substrate. The oxidation state of 

the metal complexes was reversibly addressed by voltage switching between -1 and +3 V. 

https://onlinelibrary.wiley.com/doi/10.1002/aelm.202100460
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Further assembly of the ECMs and ITO/glass counter electrode using gel electrolyte results 

in solid-state ECDs. The changes in optical properties of these ECDs induced by the metal 

oxidation state alteration were tracked by recording Uv-vis spectra. Moreover, here we 

compare colour differences (CDs) and changes in luminance of ECDs (∆L) in the coloured 

and bleached state when illuminated with light-emitting diodes (LEDs) of different colours.   

6.2 Introduction 

Electrochromic devices (ECDs) are traditionally associated with dimming windows 

such as those installed on Boeing's Dreamliner (Figure 6.1A) and in modern “smart” 

homes. The transparency of these windows can be adjusted to let in the desired amount of 

light by applying a small voltage. However, recent progress in the development of 

electrochromic materials (ECMs), which include inorganic metal oxides,1 organic 

molecules2-3 and polymers,4-5 and metalorganic complexes6-8 opens the door for a range of 

other applications. One such application might be the development of "smart" signage. The 

majority of modern "smart" signage is based on light-emitting diodes (LEDs). While light 

emission is advantageous when operating in dark, luminous letters are difficult to see in 

bright light (Figure 1B). Nowadays smart street lighting systems that sense the presence of 

humans on a street and adjust the brightness of illumination accordingly become more 

popular.9-10 With this in mind, signage based on light-reflective ECDs combined with an 

appropriate energy-effective illuminant, which turns on when required, could become a 

good alternative providing information day and night.  

Among others, ECMs based on metalorganic complexes have numerous advantages. 

The colour in polypyridine-based complexes11-13 originates from the metal-to-ligand 

charge transfer (MLCT), ligand-to-metal charge transfer (LMCT) or intervalence charge 

transfer (CT).14-15 As a result, the native and electrically addressed colours can be fine-

tuned by adjusting ligand sterics and electronics,16-18 and metal center14, 19 leading to 

materials with a wide colour range.20 Metalorganic-based ECMs can be developed to have 

a broad absorption region visualized as a dark colour,21-22 or have a sharp absorption peak 

in the visible region and therefore high colouration efficiency.18, 20  These materials often 

utilize electrochromic nanoscale assemblies that can be designed as free-standing films,7, 

16, 23 films that are spin-, spry- or dip-coated on a conductive support,6, 8, 20-21, 24 and 

molecular wires covalently anchored to the support.25-27  
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Importantly, recent advances in ECM design include the possibility to introduce 

several different metal centres that have the potential to store energy.28 Moreover, these 

metal centres can be alternately electrochemically addressed thus leading to several distinct 

colour-to-colour transitions within one device.29-32 Traditionally, these colour transitions 

are visualized by photographs taken at laboratory conditions and the results of UV-vis 

measurements. In this paper, we propose to estimate the applicability of ECDs at nighttime 

under the illumination of LED sources with different wavelengths.  

6.3 Experimental 

Reagents such as indium tin oxide (ITO) nanopowder <50 nm, acetylpyridine, 

ammonium hydroxide solution (28% NH3 in H2O), cobalt(II) tetrafluoroborate 

hexahydrate, ethylene glycol, ferrocene, propylene carbonate, 4-pyridinecarboxaldehyde, 

and silver nitrate were purchased from MilliporeSigma. Sodium hydroxide was purchased 

from Thermo Fisher Scientific. The ammonium hexachloroosmate (IV), ammonium 

hexafluorophosphate, 4-(chloromethyl)phenyltrichlorosilane, TBAHFP, lithium 

trifluoromethanesulfonate, poly(meth methacrylate), and potassium hydroxide were 

supplied by Alfa Aesar. Hexane, ethanol (95%), and isopropanol were purchased from 

ACP Chemicals. HPLC grade and anhydrous acetonitrile were purchased from VWR. 

One-side coated ITO/glass slides with linear dimensions of 10x35x0.7 mm3 and RS = 

4-10 Ω were purchased from Delta technologies. ITO/glass was washed with a basic 

piranha prior to screen-printing and stored in an oven (130°C) prior to use. CAUTION: 

basic piranha is extremely corrosive. To prepare the basic piranha, a mixture of 1 part (vol) 

of ammonium hydroxide in 5 parts (vol) of deionized water was heated to 60°C, followed 

by addition of 1 part (vol) of hydrogen peroxide. The ITO/glass was immediately inserted, 

and left to stand for 20 min prior to a washing cycle of 3 × 20 mL of deionized water, then 

3 × 20 mL of isopropanol, and dried gently under an air stream. Screen-printing of surface-

enhanced supports (SES) 7 μm was performed following a published procedure.17 

The ligand (L = 4'-(pyridin-4-yl)-2,2':6',2''-terpyridine), and it’s Os(II) and Co(II) 

metalorganic complexes were obtained using published procedures.33-35 The templating 

layer was anchored to the SES in the N2 filled MBraun LABstar Pro glovebox following a 

published procedure.30 Briefly, screen-printed SES were introduced to the glovebox and 

added to a solution of 1:50 (V/V) of the 4-(chloromethyl)phenyltrichlorosilane in N2-
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purged hexanes, left standing for 20 min, then rinsed with 3 × hexane (pre-degassed with 

N2 purging), and then with anhydrous acetonitrile. These were separately introduced to 

Ace-glass pressure tubes with a solution of 0.4 mM of the related metalorganic complex in 

anhydrous acetonitrile, and heated to 95oC in darkness for 4 days. For the Co-Os ECM, the 

solution contained 0.4 mmols/L of each complex. Upon completion, the pressure tubes 

were cooled and the ECMs rinsed with 3 × acetonitrile, sonicated 5 mins in acetonitrile, 

rinsed with 3 × hexane, sonicated 5 mins with hexane, and dried gently under an N2 stream. 

CVs and EIS measurements were recorded in a 3-electrode cell using N2 purged (5 

mins) 0.1 M tetrabutylammonium hexafluorophosphate (TBAHFP) in acetonitrile as the 

electrolyte, a 0.1 M Ag/AgNO3 reference electrode prepared in the TBAHFP electrolyte, 

and an Ag wire as the counter electrode. The ECM was the working electrode. The 3-

electrode cell design was held together using Biologic’s plate material evaluating cell. The 

CVs and EIS measurements were all normalized to ferrocene/ferrocenium (Fc/Fc+). CVs 

were measured using the Solartron Analytical 1470E potentiostat, and EIS measurements 

were recorded on this Solartron coupled to the SI 1260 impedance/gain phase analyzer 

from 80*103 to 0.1 Hz with 5 mV amplitude signal. 

6.4 Results and Discussion 

ECMs were achieved by covalent functionalization of surface-enhanced support (SES) 

with a monolayer of electrochromic species (Figure 6.1C). In more detail, screen printing 

of conductive transparent indium tin oxide nanoparticles (ITO-50) on ITO/glass results in 

SES with Brunauer, Emmett and Teller (BET) specific surface area of 30 m2/g.19 This 

support was pre-functionalized with 4-(chloromethyl)phenyltrichlorosilane to form a 

templating layer. Further reaction of the pre-functionalized SES with individual Co(II) or 

Os(II) terpyridine-based complex (Figure 6.1 D) or their equimolar mixture results in 

covalent anchoring of the appropriate complex (or complexes, respectively) on the SES 

leading to Co, Os, and Co-Os ECMs. The resulting electrochromic layer is based on the 

formation of the quaternary ammonium salts that are known to demonstrate superior 

electrochemical stability up to 3 V.36 Similar surface-confined layers have demonstrated 

impressive overall stability when performing 5000 galvanostatic charge-discharge cycles.28 
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Figure 6.1) (a) Typical electrochromic (EC) window in Boeing's Dreamliner. (b) “smart” LED-based signage 

where one part of the signage is in the shade while the other one is in the sunlight. (c) Schematic 

representation of EC materials fabrication: screen-printing ITO-50 nanoparticles on ITO/glass support, 

followed by templating species functionalization and the formation of a monolayer of EC species covalently 

bonded to the templating layer. The chemical structures of templating and EC species are given in the insert, 

(d) the scheme showing EC molecule anchoring to the templating species: benzyl chloride unit of the 

templating siloxane layer reacts with one of the outer pyridine rings of the corresponding metal complex, 

forming a quaternary ammonium salt. 

Cyclic voltammetry (CV) of Co, Os, and Co-Os ECMs in 3-electrode configuration 

(with a Pt wire as a counter and Ag/AgNO3 as reference electrodes in 0.1 M TBAHFP) are 

shown in Figure 6.2. The position of the current maximum for all ECDs shifts depending 
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upon the voltage scan rate suggesting that the equilibria are not established rapidly. Both 

Co and Os centres exhibit reversible redox waves. The half-wave potential of surface-

confine Co (𝐸1/2 
𝐶𝑜 ) and Os (𝐸1/2 

𝑂𝑠 ) in monometallic systems are -0.18 and 0.70 V vs Fc/Fc+, 

respectively. When both metal complexes are simultaneously anchored to SES, there is a 

converging shift of half-wave potentials. Thus, Co-Os ECM demonstrates Co (𝐸1/2 
𝐶𝑜 ) = -

0.14 V and Os (𝐸1/2 
𝑂𝑠 ) = 0.65 V. Due to significant peak separation distance in Co-Os ECM, 

it was easily possible to distinguish between Co and Os species using CV. The converging 

shift previously observed in Fe-Ru metallo-supramolecular polyelectrolytes37 might be an 

indication of the presence of communication between the different metal centres on the 

surface. 

Peak current density (ip) versus sweep rate (ν) gives a linear relationship (Figure 6.2 

inserts), therefore the surface coverage Γ (mol/cm2) of the electrochemically active 

material on the surface can be determined38 applying Equation 6.1: 

Equation 6.1) 𝐼p =
𝑛2F2

4RT
νASURΓ 

Where ip is the peak current, n is the number of electrons transferred in the redox event, ν 

(V/s) is scan rate, ASUR is the geometric surface area of the material (1 cm2). 

Despite Co and Os complexes have isostructural nature, their individual deposition 

leads to different surface coverages, due to significant differences in both sterics and 

electronics. Surface coverage of Co and Os ECMs are 5.9 and 36 molecules of the 

corresponding metal complex per nm2 of the geometric (1x1 cm) surface area of the 

material, respectively. The packing density of the isostructural Os complex deposited on a 

flat surface through a slightly different templating layer was reported by Zharnikov39 to be 

1.2 mol/nm2. The increase of specific surface area by using nanoparticle-based SES 

expectedly increases the number of molecules per nm2 of the geometric (1x1 cm2) surface 

of the material. Interestingly, Co-Os ECM holds 4.7 Co and 33 molecules of Os per nm2, 

just slightly less than individual Co and Os ECMs. This is in good agreement with the 

observation of van der Boom40 that upon deposition of bipyridine complexes on the flat 

surface pre-functionalized with a similar templating layer, only 35% of the templating 

molecules were reacted. An excess of binding sites available on the surface allows overall 
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better packing density when equimolar solutions of Co and Os complexes are 

simultaneously co-deposited. 

 

Figure 6.2) Cyclic Voltammetry at various scanning rates of (a) Co ECM, (b) Os ECM, and (c) Co-Os ECM. 

Inserts show peak current density versus scan rate and representative X-ray photoelectron spectra of Co and 

Os species of corresponding ECMs. 

X-ray photoelectron spectroscopy (XPS) confirms the presence of Co and Os species 

on the surfaces of corresponding ECMs (Figure 6.2 inserts). Co 2p and Os 4f peaks appear 

as doublets with characteristic spin-orbit splitting. Thus, Co 2p3/2 peak is centred at 781.6 

eV, which is characteristic for Co(II) terpyridine-based complexes.16 The satellite at 786 

eV is typical for Co (II) species. Os 4f7/2 peak appears at 51.7 eV, close to a value of 51.4 

eV reported for Os(II) in related polypyridine complex.41 

The absorption spectra of ECMs assembled into ECDs (Figure 6.3A) are shown in 

Figure 6.3B-D. Co(II) ECD demonstrates MLCT transition at 515 nm. Os(II) based ECD 

exhibits two distinct bands in the visible region at around 515 and 700 nm, that have been 

assigned13 to transitions of MLCT excited states having formal singlet and triplet character, 

respectively. The device resulting from simultaneous deposition of Co(II) and Os(II) 

complexes on SES, demonstrates bands at 515 and 695 nm. Upon electrochemical 

oxidation of the metal centres by applying 3 V to the ECD, the decrease in intensity of 

these bands is observed. The redox process is reversible and the intensities of the bands are 

rapidly restored (Figure 6.3E-G inserts) after applying -1 V. The changes in optical density 

(ΔOD) of Co and Os ECDs decrease with the increase of cycling speed (Figure 6.3E,F). In 

contrast, ΔOD of Co-Os ECD remains the same when cycling with 60 and 30 s holds, while 

there is a noticeable drop in the ΔODs with 15 s holds (Figure 6.3G).  
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Figure 6.3) (a) Schematic representation of electrochromic device (ECD) assembly. The optical output of 

ECD upon application of a potential to corresponding ECM: (b) Co, (c) Os, and (d) Co-Os. Inserts 

demonstrate photos of ECDs upon application of corresponding potentials to ECMs. The results of 

spectroelectrochemical cycling of ECMs assembled into solid-state ECDs showing the change in optical 

density (ΔOD) upon alternative application of +3 and -1 V with 60, 30, and 15s holds followed by cycling 

with 60s holds for 4 h. 

No evidence for degradation was observed upon the continuous cycling of the ECDs 

for 4 h. The time required to hit maximum coloured (𝑡𝑐
95%) and bleaching (𝑡𝑏

95%) states for 

the Co-Os ECM at 515 nm are 0.6 and 1.3 s, and at 700 nm are 0.6 and 0.9 s, respectively 

(Figure 6.3G inserts). The magnitudes of 𝑡𝑐
95% and 𝑡𝑏

95% represent fast color changing for 

the combined Co-Os ECM. However, it is challenging to separately quantify the role of 

metal centres in the redox exchange using colorimetric methods due to the overlap of the 

weak Co-ligand transition with the Os-ligand spin-allowed transition. This can be more 

easily accomplished using voltammetry and impedance due to the redox potential peak 
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separation. Thus, the electron transport constants (kET) were calculated to be 5.2 s-1 for the 

Co2+/3+ complex and 3.9 s-1 for the Os2+/3+ complex using the Laviron method,38 see SI. The 

values of electron transport constants of Co-Os ECM are consistent with the values of the 

kETs of single metal-based ECMs: 5.0 s−1 for Os, and 3.2 s−1 for Co.30 

In addition, electrochemical impedance spectroscopy (EIS) measurements were 

performed for the Co-Os ECM at the Os (𝐸1/2 
𝑂𝑠 ) and Co (𝐸1/2 

𝐶𝑜 ) redox couples. From the 

Nyquist plot (SI Figure 6.2A), the internal resistance (RΣ) of the ECM can be calculated 

through a horizontal projection of the Warburg region onto the x-axis, which is equal to 

RΣ/3. The internal resistance is the sum of ionic (Rion) and electronic resistance (Relec); 

however, the electronic resistance is assumed to be negligible compared to the ionic 

resistance.42 Therefore, Rion is equal to 147 Ω cm2 and 153 Ω cm2 at the Co (𝐸1/2 
𝐶𝑜 ) and Os 

(𝐸1/2 
𝑂𝑠 ), respectively. The analysis of the Randles plot, in which Z’ is plotted vs. ω-1/2 (SI 

Figure 6.2B), allows determining the diffusion coefficients. Linear regression of the low 

frequency region gives the slope equal to the Warburg coefficient, which is then used to 

calculate the diffusion coefficient (D) from Equation 6.2 where C* is the concentration of 

the electrolyte, A is the surface area, n is the number of electrons transferred, T is the 

temperature in Kelvin, and R and F are gas and Faraday constants, respectively).43 

Equation 6.2)  𝜎 =
𝑅𝑇

𝑛2𝐹2𝐴√2
(

1

𝐷1/2𝐶∗) 

The diffusion coefficients of Co (𝐸1/2 
𝐶𝑜 ) and Os (𝐸1/2 

𝑂𝑠 ) were determined as 1.0×10-9 cm2s-1 

and 1.5×10-9 cm2s-1, respectively, confirming comparable, still slightly faster ionic mobility 

related to counter-anions of Co complex. 

Rapid colour change makes Co-Os and Os ECMs promising for “smart” signage. While 

electrochemical cobalt oxidation in Co ECDs can be tracked by the change of absorbance 

(Figure 6.3B), the colour change under the white light LED illumination is perceptible only 

through close observation. Therefore, only Os and Co-Os ECDs were further explored for 

their colour change under different illuminations. 

The colour of non-emitting material depends on the light source spectral irradiance, 

optical properties of the device, and properties of the detector. During the redox process, 

absorption spectra of both Os and Co-Os ECDs demonstrate optical density change in a 

broad region (Figure 6.3). Therefore, we were interested to visualize how these changes 
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will look like if the devices are illuminated by the light source of different wavelength. The 

photographs of Os and Co-Os ECDs visualizing their colours at coloured and bleached 

states under different light sources (Figure 6.4) demonstrate a profound alteration of the 

colour appearance of the ECDs. 

 
Figure 6.4) Colours of (a) Os and (b) Co-Os ECDs in coloured (0 V) and bleached (+3 V) states at different 

irradiations. 

We chose the International Commission on Illumination (CIE) color space called 

CIELAB as the most used in the area to show the numerical values of ECD appearance in 

coloured and bleached states affected by the source wavelength (SI Table 6.1-6.2). Three 

variables in CIELAB are luminance, L*, and colour channels a* and b*. The luminance 

may vary from the black (L* = 0) to the brightest white at L* = 100. The color channels 

represent true neutral gray values at a* = 0 and b* = 0. Channel a* varies from green 

(negative a*) to red (positive a*), while channel b* varies from blue (negative b*) to yellow 

(positive b*). The colour difference was calculated as a difference between coloured (0 V) 

and bleached (+3 V) ECDs under certain light source according to the Equation 6.3:17 

Equation 6.3) 𝐶𝐷 = √(∆𝐿∗)2 + (∆𝑎∗)2+(∆𝑏∗)2 

The results summarized in Table 6.1 confirm our assumption that upon electrochemical 

switching under illuminant sources of different wavelengths, ECDs demonstrate a 

dissimilar change in luminance and colour difference. Under the white LED, Co-Os ECD 

demonstrates CD of 45.1, better than that of 39.1 demonstrated by the Os ECD. The UV-

vis spectra of Co-Os and Os ECDs at 415 and 450 nm demonstrate almost no difference in 

coloured and bleached states, consistent with an insufficient colour difference and 
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luminance change demonstrated under illuminants with these wavelengths. When 

illuminated by the green (λ=545 nm), yellow (λ=590 nm), and red (λ=660 nm) light, Os 

ECD exhibits just slightly smaller ∆𝐿s and better CDs than that observed under the white 

LED. Moreover, illumination of Co-Os ECD with green (545 nm), yellow (590 nm), and 

red (660 nm) LEDs results in better ∆𝐿s and similar (for 545 and 660 nm) or better (590 

nm) CDs. The significant change in ∆𝐿𝑠 of Os and Co-Os ECDs together with fast 

switching times make them promising candidates for the design of practical electrochromic 

devices and especially “smart” signage. Upon nighttime operation, these devices need an 

additional light source, which will be activated by the motion sensors of smart street 

lighting systems. While white light LED can serve as such a light source, the illumination 

by the yellow (λ=590 nm) or red (λ=660 nm) LED results in a better change in optical 

density for both devices. 

Table 6.1) Colour difference (CD) and change in luminance (∆L) of the materials between the colored and 

bleached state at different illuminations. 

LED Illuminant λ, nm 
Os ECM Co-Os ECM 

∆𝐿 CD ∆𝐿 CD 

415 0.8 5.5 2.8 6.7 

450 1.8 6.3 1.7 4.3 

505 19.0 31.2 17.7 25.5 

530 16.4 39.6 17.5 32.7 

545 18.2 42.5 23.6 40.9 

590 20.0 47.4 20.5 54.9 

660 17.5 43.5 18.3 44.7 

white 20.4 39.1 14.6 45.1 

 

6.5 Conclusions 

Chemical deposition of Co and Os complexes from their individual solutions and 

equimolar mixture on the surface-enhanced ITO support results in colourful materials. The 

colour of these materials can be reversibly changed by applying an external potential. 

Electrochemical cycling allows the determination of the surface coverage of the 

electrochemically active species on the surface. The presence of the corresponding metal 

complexes on the surface is confirmed by XPS measurements. Interestingly, simultaneous 

deposition leads to the overall higher surface density of the Co and Os complexes in Co-

Os ECM. When bleached, the time required to hit the maximum coloured state for Co-Os 

ECM does not exceed 0.6 s, while demonstrating the change in optical density of 13%, 

which makes Co-Os ECM a promising candidate for the development of “smart” signage. 
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While the colour change in Co ECD is perceptible only through close observation, the 

oxidation of the metal cores in Os and Co-Os ECDs can be observed with the naked eye. 

These ECDs can be used for the development of “smart” signage that operate under 

daylight. To explore the applicability of ECDs at nighttime, we have recorded how Os and 

Co-Os ECDs look under commercially available LED illuminants of different wavelengths 

(415, 450, 505, 530, 545, 590, 660 nm). Using the advantage of CIELAB coordinates that 

allow separate comparison of the change in luminance and the overall colour difference, 

we have compared these parameters for Os and Co-Os ECDs under the abovementioned 

illuminants. ECDs demonstrate significant colour difference when illuminated by the 505 

and 530 nm sources, which are close to 515 nm absorption peak. However, these colour 

differences are generally slightly less than that observed for the ECDs under the white LED 

light. Interestingly, both ECDs demonstrate the best colour difference and the most 

prominent change in luminance when electrochemically switched under the 590 nm LED 

(yellow light), even though none of the devices has a prominent peak of the absorbance at 

this wavelength. Along with the white light LED source, yellow or red-light LED sources 

should be recommended to use for Os and Co-Os ECDs upon operation at night time. 
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Chapter 7. Post-Synthetic Color Tuning of the Ultraeffective and Highly 

Stable Surface-Confined Electrochromic Monolayers: Shades of 

Green for Camouflage Materials 

7.0 Preface 

Reproduced with permission from Laschuk, N. O.; Ebralidze, I. I.; Easton, E. B.; 

Zenkina, O. V., Chapter 7. Post-Synthetic Color Tuning of the Ultraeffective and 

Highly Stable Surface-Confined Electrochromic Monolayers: Shades of Green for 

Camouflage Materials. ACS Appl. Mater. Interfaces 2021, In Press. doi: 

10.1021/acsami.1c09863. Copyright 2021 American Chemical Society. 

In this work, it was demonstrated how a quaternization reaction could be used to 

enhance and change the color of monolayer ECMs using the foundation of iron(II) 

terpyridine (tpy) based complexes ([Fe(L)2]
2+) where the L = 4′-(pyridin-4-yl)-2,2′:6′,2′′-

terpyridine. This concept of quaternization was introduced in Chapter 2. There, the 

terpyridyl complexes became monoquaternized upon covalent attachment to the silane 

templating layer, leading to a red shift of the metal-to-ligand charge transfer peak (λMLCT) 

in the UV-Visible (UV-Vis) spectrum. However, one of the monolayer ECMs introduced 

in Chapter 2 became doubly quaternized on the templating layer due to sterics of the 

iron(II) complex, and this enhanced the coloration efficiency (η) compared to the 

monoquaternized ECMs. Here, we more deeply investigate this observation by adding 

iodic reagents (alkyl, aromatic) to quaternize the terminating N atom for the tpy ligand 

within the [Fe(L)2]
2+ complex on the surface enhanced support. The different iodic agents 

lead to further red shifts of the λMLCT and a visual observation of a blue-to-green color 

change. This resulted in enhanced η values, and improved diffusion on the surface of the 

electrode. Additionally, a highly porous screen-printed TiO2 CE is hereby introduced to act 

as an ion storage layer in the electrochromic device design (ECD). Therefore, a comparison 

of the CE on the coloration efficiency (η) and long-term durability were highlighted. 

7.1 Abstract 

We report here on the strategy for the preparation of a series of electrochromic (EC) 

materials in green shades designed for camouflage purposes. This top-down post-synthetic 

modification provides access to new EC materials by fine modulation of the color of the 

surface-confined metalorganic monolayer pre-deposited on indium tin oxide screen-printed 

https://pubs.acs.org/doi/abs/10.1021/acsami.1c09863
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supports. Selective on-surface N-quaternization of the outer pyridine unit of the EC metal 

complex covalently embedded onto an enhanced surface area electrode results in a 

bathochromic shift of the absorbance signal as well as visual color change from blue to 

different shades of green. When assembled into solid-state EC devices (ECDs), the 

materials demonstrate high color differences between colored and bleached states and 

significant differences in optical density. Upon electrochemical switching, the ECDs 

initially featuring different shades of green become yellowish or clay. The accessible gamut 

of colors, fulfilling the requirements for chameleon-like camouflage materials, is able to 

mimic conditions of various natural environments including forests and sands. Notably, 

ECDs demonstrate high long-term durability (95% retention of the performance after 3300 

cycles), fast coloration (0.6−1.1 s), and bleaching (1.2−3.3 s) times and outstanding 

coloration efficiencies of 1018−1513 cm2/C. Importantly, post-synthetic N-

quaternization/color tuning does not deteriorate the performance of the resulting EC 

materials and devices as judged by cyclic voltammetry, spectroelectrochemistry, and 

electrochemical impedance spectroscopy. This work adds to the limited number of reports 

that explore color tuning of EC molecular layers via on-surface modification with the aim 

to access new non-symmetric materials. Notably, the facile and straightforward technology 

presented here allows the creation of green-colored EC materials that are difficult to 

prepare in other ways. 

7.2 Introduction 

Post-synthetic N-quaternization of nitrogenous sites, especially pyridines and pyrroles, 

is a straightforward strategy to tune the chemical properties of materials performed by 

permanent covalent embedding of positively charged units as well as accommodating 

respective counter anions. It allows not only fine-tuning of the properties of the material, 

but grants access to new non-symmetric materials that otherwise are hard or even 

impossible to synthesize. This strategy was previously used to change the performance of 

metal-organic frameworks (MOFs), to enhance catalytic activity, and to improve the 

enantioselective separation and gas absorption capacities of the materials.1-3 There is 

growing evidence that N-quaternization often results in enhanced electrochemical 

properties for many types of electrochemical materials, including supercapacitors and fuel 

cells. For example, the incorporation of the quaternized species into alkaline fuel cells 
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improves the ionic conductivity and significantly enhances the power density of the 

materials.4 Post-synthetic incorporation of the localized charges into the material by N-

quaternization allows the creation of novel interesting hybrid materials using electrostatic 

forces. Thus, strong synergetic electrostatic interactions between negatively charged 

sulfonated polyaniline (s-PANINa) and positively charged quaternized graphene (q-

graphene), made by selective modification of quaternary ammonium sites in the edges and 

defects of graphene, results in the hybrid supercapacitor material with superior 

electrochemical performance, excellent rate capability and high power characteristics.5 

Importantly, even a small extent of the quaternization results in significant changes of the 

properties of the materials, making this post-synthetic modification a powerful tool to 

embed new properties into existing materials.6  

The impact of N-quaternization on the properties of EC molecules is widely studied for 

viologens, which are small organic electrochromes prepared by N-quaternization of the 

derivatives of 4,4-bipyridine. Viologen-based EC systems demonstrate promising 

electronic and optical properties, including desirable EC colour changes as a result of the 

significant charge delocalization within the molecule upon N-quaternization that allows 

stabilizing of brightly coloured cation radical species. 7-11 Notably, a simple change of the 

alkylating agent allows for easy and reliable colour tuning of the materials. Choudhury et 

al. recently utilized N-quaternization to integrate covalently-linked imidazolium bromide 

motifs with functional tetraterpyridine iron units to create interesting EC 3D assemblies 

with enhanced ionic diffusion and great ion transfer efficiencies.12  

N-quaternization of ligands and metal complexes by surface-confined halogen-

terminated templating layer is a common strategy for the formation of functional 

monolayers.13 Previously, we have employed N-quaternization to accomplish covalent 

embedding of well-defined individual transition metal complexes and their combinations 

onto conductive porous transparent metal oxide supports to create robust EC monolayer 

materials.14-15 While being highly coloured due to the metal-to-ligand charge transfer 

(MLCT),14-16 these materials can be effectively and reversibly bleached by electrochemical 

oxidation of metal centers. The actual colour of the coloured state was found to be greatly 

dependent on both nature of the metal center and the structure of the ligand.14-15  
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The influence of charge localization/delocalization within the EC monolayer on the 

resulting colouration and performance of the materials was previously reported.16-17 The 

change of the position of just one nitrogen atom in the ligand of isostructural complexes 

with generic formula [L2M]2+ (where: M= Fe and L= either 4'-(pyridin-4-yl)-2,2':6',2''-

terpyridine or 4'-(pyridin-3-yl)-2,2':6',2''-terpyridine) leads to drastically different 

monolayers. Thus, complexes bearing pyridin-4-yl outer units form monolayers by linking 

to the support by one such unit, while complexes containing pyridin-3-yl outer moieties 

utilize both these groups to bind the support. Moreover, the different distribution of charges 

within the molecules leads to the drastically different (blue or purple, respectively) colours 

of the monolayers.17 This effect is documented in the literature for other metalorganic 

assemblies.18 The ligand structure was found to be a crucial factor to define colours and 

main properties in the 3D-metallosupramolecular assemblies built from different core-

linked tetraterpyridine ligands, and coordination-based polypyridine-based architectures.19-

20 Very recently, Higuchi utilized 4,4-bis(2,2:6,2-terpyridinyl)phenyl-triphenylamine 

(LTPA) as a redox-active ligand to create durable dual-redox system, where both MLCT 

band and polaron band of the oxidized ligand were contributing to the red-to-green 

transition, supporting rapid electron transfer within the system.21  

EC materials able to interconvert between different shades of green and 

yellowish/sandy/grey colours are very desirable for application as camouflage materials.22 

This type of materials could change colours to mimic conditions of the green forests, 

grasslands and sands, which is in high demand when developing “smart” chameleon-type 

camouflage materials for military purposes, environmental monitoring, observing of 

animal behaviours and migrations, and many other purposes. The common pushback that 

slowing down the developments in the area of effective camouflage materials is well-

documented issues with the creation of the polymeric green-coloured ECMs that is a 

particularly challenging synthetic task.23-24 Green colour requires two absorption bands 

centered at blue and red regions of the visible spectra that could be simultaneously 

controlled with the applied potential.25-26 Donor-acceptor nature of the polymer structures 

is a most common strategy to provide desired green colours for the materials. 27 The 

seminal work of Wudl et al. utilizes this approach to create green-coloured poly DDTP 

(where DDTP is 2,3-di(thien-3-yl)-5,7-di(thien-2-yl)thieno[3,4-b]pyrazine) polymeric 
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material with incredible stability for 10000 of double potential steps.28 Following this 

report, many other EC polymeric materials with donor-acceptor structures have been 

created.29-30 Systems that offered fine colour tuning and a high extent of colour control 

were especially interesting to achieve.31-32 For example, Mei reported an environmentally 

friendly methodology to create and finely tune the hue of the neutral green conjugated 

electrochromic polymers via direct C-H arylation polymerization. Colour tuning was 

realized via the random direct arylation polymerization of multicomponent monomers in 

various ratios. The resulting materials were showing great potential for applications as 

smart windows and transparent displays.32 Polymeric EC materials are fascinating systems 

that offer a wide gamut of colours. However, many reported systems experience poor 

cycling stability that is a major roadblock for practical applications. To overcome this 

limitation, interesting hybrid architectures were created by using a combination of the EC 

polymers with the proper transparent charge balancing ion-storage material 

(nanostructured, amorphous vanadium oxide (VOx)). This winning combination results in 

an incredible boost in the stability of the resulting device (up to 50000 cycles with less than 

5% loss of the optical density).33  

Despite the significant progress in the area of polymer-based EC materials, still not 

many literature examples of inorganic-based green EC materials has been reported. To 

name a few, the inorganic hybrid SnO2/V2O5 core/shell rough composite EC with large 

transmittance modulation (47%) and good in its class colouration efficiency of 118 cm2C-

1 was reported for applications to adaptive camouflage materials.34 Recently, Wałęsa-

Chorab et al. reported on novel metalorganic EC systems based on Fe2+, Cu2+ and Zn2+ 

complexes of hydrazone-based ligands bearing triphenylamine groups that demonstrate 

transitions between yellow and green shades. These systems demonstrate significant 

colouration efficiencies of 257, 191 and 184 cm2C-1 respectively.35 

An interesting artificial skin-like camouflage material was very recently reported. It is 

a multi-component hybrid system consisting of green photonic nanocrystals embedded into 

a gel electrolyte and assembled between the layer of EC polymer and an ion storage layer.36 

As a result, the device was demonstrating chameleon-like properties: active change of 

appearance due to the voltage-controlled EC colour change, and passive morphing into the 

environment that depends on the structural background and viewing angles.  
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The colour tuning of the molecularly defined EC materials is not an easy and often 

time-consuming task that requires significant synthetic efforts. Here we propose a strategy 

of the post-synthetic N-quaternization of the metalorganic monolayer covalently embedded 

onto high surface area ITO support aiming to alternate the electronic properties and fine 

colour tuning the of the material. To the best of our knowledge, post-synthetic 

quaternization as a method to tune optical properties of the solid-state EC materials has not 

been previously reported. 

7.3 Experimental 

Atomic force microscopy (AFM) topographic images were measured with the NT-

MDT NTEGRA scanning probe microscope operated in air in semicontact mode. X-ray 

photoelectron spectroscopy (XPS) was performed using Thermo Scientific K-Alpha X-ray 

photoelectron spectrometer equipped with Al Kα monochromated X-ray source. UV-

Visible (UV-Vis) spectra were measured in diffuse reflectance mode on a PerkinElmer 

750S UV-Vis Spectrophotometer with a 60 mm integrating sphere. The UV-Vis of the 

ECMs was recorded before and after quaternization. Raman spectra were measured using 

a Nd:YAG laser with the excitation wavelength of 532 nm and 50 mW of power on a 

Renishaw Raman Microscope with 2400 mm-1 (vis) grating and a Renishaw Centrus 

OMCN39 CCD detector. CVs up to 200 mV/s were measured using a Solartron Analytical 

1470E potentiostat, and then up to 1600 mV/s using a Pine Wavedriver potentiostat. 

Electrochemical Impedance Spectroscopy (EIS) was measured using Solartron Analytical 

1470E potentiostat coupled to the SI 1260 impedance/gain phase analyzer from 80000 – 

0.1 Hz and 5 mV amplitude. Spectroelectrochemical measurements were recorded on the 

Solartron Analytical 1470E potentiostat to add the reductive (0 V) and oxidative (2.3 V) 

potentials using a chronoamperometry-based method, while simultaneously measuring the 

absorbance in the PerkinElmer UV-Vis. All air and or moisture-sensitive reactions were 

loaded in the in N2-filled glovebox (MBraun LABstar Pro), sealed pressure tubes were used 

to heat the air or moisture-sensitive reactions outside the glovebox.  

ITO/glass was purchased from Delta technologies (RS = 4-10 Ω) coated on one side 

and 10x35x0.7 mm3 in volume. Reagents were purchased from (i) MilliporeSigma: 

Greatcell Solar® TiO2 anatase transparent paste, indium tin oxide nanopowder <50 nm 

(ITO-50), 2-acetylpyridine, ferrocene, Fe(BF4)2·6H2O, propylene carbonate (PC), 4-
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pyridinecarboxaldehyde, NH4OH, and AgNO3; (ii) Thermo Fisher Scientific: NaOH; (iii) 

Alfa Aesar: 2-iodopropane (98% stab. with copper), 4-iodopyridine, LiCF3SO3, KOH, 

tetra-n-butylammonium hexafluorophosphate (TBAHFP), and poly(methylmethacrylate) 

(PMMA); (iv) Caledon Laboratory Chemicals: Methyl iodide. Solvents were purchased 

from: (i) ACP Chemicals: 95% ethanol, isopropanol, and hexane; (ii) VWR: HPLC grade 

acetonitrile and anhydrous acetonitrile. 

The foundation ECM was created according to the modified published procedure.15 In 

brief, the process included 2 steps. Step 1. Formulation of the high surface area NP 

conductive substrates. First, commercially purchased ITO/glass was washed with basic 

piranha. Caution: basic piranha is extremely corrosive. To prepare the basic piranha, the 

mixture of 1:5 NH4OH:H2O was heated to 60 °C, then removed from the heat and 30% 

H2O2 was added to be 1/5th the total volume. ITO/glass pieces were separately submerged 

into the basic piranha for 15 mins, then washed 3 times with deionized water then 3 times 

with isopropanol. These slides were dried with an N2 stream and stored at 130°C until use. 

Then, ITO-50 paste was screen-printed on pre-cleaned ITO/glass slides, annealed for 1 h 

at 500°C, and then 1 h at 600°C resulting in 7 μm thick surface-enhanced support. The 

paste for screen-printing was formulated as per the published procedure.16 Once cooled, 

these substrates were ready for Step 2: Deposition of the foundation EC layer. The [Fe(4′-

(pyridin-yl)-2,2′:6′,2′′-terpyridine)2](BF4)2 complex ((Terpy-Pyr)2Fe) was prepared using 

Constable’s procedure.37 To covalently attach (Terpy-Pyr)2Fe to the surface-enhanced 

support, siloxane-based template was used.  

To form a templating layer, under an inert atmosphere, the ITO screen-printed supports 

were submerged in 1:50 (v/v) solution of 4-(chloromethyl)-phenyltrichlorosilane in 

anhydrous hexanes for 20 mins, followed by rinsing in 3 x 20 mL of anhydrous hexane, 

and then 3 x 20 mL of anhydrous acetonitrile. Then, the supports bearing templating layer 

were placed into a pressure tube with 1mM (Terpy-Pyr)2Fe in anhydrous acetonitrile, and 

heated for 4 days at 95°C in the dark. The resulting plates bearing foundation EC layer 

were cooled to room temperature, washed 3 times with acetonitrile (20 mL) and 3 times 

with hexanes (20 mL), sonicating for 5 mins on the 3rd wash for both solvents. Resulting 

ECM plates were benchtop stable.15 
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For post-deposition modification of plates bearing foundation ECM, the plates were 

submerged in a pressure tube with 10 mL of anhydrous acetonitrile containing 

corresponding alkylating agent: methyl iodide (8 mmol), 2-iodopropane (8 mmol) or 4-

iodopyridine (0.2 mmol), and purged 10 mins by nitrogen. The pressure tubes were sealed 

under nitrogen and heated at 85oC for 48 h in dark. The pressure tubes were cooled down 

to room temperature and the plates were washed 3 times with ethanol (20 mL), acetonitrile 

(20 mL), then hexane (20 mL), and sonicated 1x per solvent for 5 mins. Resulting plates 

bearing quaternized ECMs were further used as working electrodes (WE), therefore they 

were hereunder called Me-WE, iPr-WE, and Pyr-WE, respectively. The foundation ECM 

used as a WE is hereunder called Fn-WE. The methylation of foundation ECM was run for 

24 h, 48 h, and 72 h to optimize the time required for the surface post-modification. 

Greatcell Solar® TiO2 anatase transparent paste, was used for screen printing of CE for 

2-electrode cell measurements. 

7.3.1 Electrochemical Measurements 

For 3-electrode cell electrochemical measurements, plates bearing certain ECM were 

used as WEs, the Pt wire worked as a counter electrode (CE), and 0.01 M Ag/AgNO3 was 

used as a reference electrode (RE). A 0.1 M solution of TBAHFP in acetonitrile was used 

as liquid electrolyte. The WE was secured using a plate material evaluating cell from 

BioLogic. The 3-electrode cell electrochemical measurements were standardized to 

ferrocene/ferrocenium (Fc/Fc+). The EIS analysis used 0.43 V vs. Fc/Fc+ as the double 

layer bias potential. 

For 2-electrode cell electrochemical measurements, plates bearing certain ECM (WE) 

were assembled with the CE using gel electrolyte to form electrochromic devices (ECDs). 

A 0.1 mL of Li+ gel electrolyte, prepared according to the literature procedure,38 was 

deposited onto the WE and heated for 5 mins at 130 °C. The gel electrolyte helps to adhere 

the WE to a CE composed of 7 μm screen-printed layer of TiO2 anatase on the ITO/glass, 

which was prepared and pre-annealed following the published procedure.39 The ECD was 

then wrapped around with the transparent Scotch tape. 

7.4 Results and Discussion 

The formation of 4-(chloromethyl)-phenyltrichlorosiloxane-based templating layer on 

the support, which is further covalently bound to the [Fe(4′-(pyridin-yl)-2,2′:6′,2′′-
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terpyridine)2](BF4)2 as a result of selective N-quaternization of one of the pyridine units of 

the complex, results in the foundation working electrode (Fn-WE, Figure 7.1). This 

approach leaves the second pyridine unit of the surface-embedded complex 

unfunctionalized. We demonstrate here that a simple post-synthetic modification of the Fn-

WE allows tuning the colour of the EC system (Figure 7.1). In more detail, almost 

quantitative N-quaternization of the upper pyridine units of the surface-confined 

monolayer of the Fn-WE (as judged by XPS, vide infra) was performed using different 

alkylating/arylating agents with a general formula of RI, where R is methyl, isopropyl and 

pyridyl groups. Heating of the foundation layer with the excess of the RI (methyl iodide, 

2-iodopropane, or 4-iodopyridine) in acetonitrile results in new EC working electrodes: 

methyl (Me-WE), isopropyl (iPr-WE), and pyridyl (Pyr-WE) functionalized, respectively. 

Notably, as a result of the chemical post-modification, the initial Regal blue/blue 

(colour/hue) of Fn-WE was switched to Burnham/green for Me-WE, Evening Sea/green 

for iPr –WE, Oil/grey for Pyr-WE (Figure 7.1). 

 

Figure 7.1) a) Schematic representation of screen-printed conductive ITO-50 electrode (ITO-WE). (b) Scheme 

demonstrating steps of preparation of working electrodes. This includes ITO-WE functionalization with 4-

(chloromethyl)-phenyltrichlorosilane to form a templating layer, which is further reacted with one of the 

outer pyridyl nitrogen atoms of the iron complex molecules to form the electrochromic foundation monolayer 

(Fn-WE). On-surface modification (alkylation/arylation) of Fn-WE achieved by the N-quaternization of the 

upper outer pyridyl unit of the EC monolayer results in the formation of Me-WE, iPr-WE, and Pyr-WE.  (c) 

Uv-vis of WEs and optical images recorded after varying the reaction time of N-quaternization of the Fn-WE 

to form Me-WE. 

Upon quaternization, detectable bathochromic shifts (∆λ= 10-15 nm) were observed in 

UV-Vis (Figure 7.1C). The influence of the reaction time on the extent of N-methylation 

was briefly explored. Notably, very minor differences were observed by visual colour 

assessment of the Me-WEs that were achieved by the N-methylation of Fn-WEs for 24, 48 
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and 72 hours (Figure 7.1C). The comparison of UV-Vis spectra of the abovementioned 

materials (SI Figure 7.1B) suggests that the N-quaternization on the surface of the 

electrodes is reaching its maximum levels at 24-48 h of the process, so prolonged reaction 

times do not further improve the outcome. 

When compared to initial Fn-WE, the Raman spectra of quaternized WEs show no 

significant changes of wavenumber absorptions in the lower frequency region, 300 – 2300 

cm-1, but show differences in the high-frequency region, 2500- 3500 cm-1 (SI Figure 7.1). 

The changes of signals intensity in this region are often characteristic of the C-H stretching 

that can be assigned to the changes in the molecular orientation on the support, particularly 

deviations of the angle of the aromatic C-H moieties to the surface’s plane. Thus, in the 

literature, a higher Raman intensity at 2900 to 3150 cm-1 region was observed for 

bipyridines/phenylpyridynes molecules oriented 90° to the surface, and the intensity 

decreased as the angle declined.40 The appearance of the well-resolved signals in the high-

frequency area (2500- 3500 cm-1) for the Fn-WE could be attributed to the large steric 

hindrance of the complex and relatively high angle between the molecules and the surface 

support. Interestingly, as a result of N-quaternization of the surface-anchored Fn-WE, a 

significant decline in intensity is observed in Raman spectra within this region as well as 

the overall broadening of all peaks. The intensity decreased almost equivalently for Me-

WE and iPr–WE, and significantly more for the Pyr-WE.  

To quantify the changes of colour, all EC WEs were analyzed and compared to the 

colour of the bare unfunctionalized porous electrode, ITO-WE (SI Table 7.1). For colour 

analysis, a CIELAB colour space system was used. CIELAB includes luminance, L*, and 

colour channels a* and b*. Luminance may change between 0 (black) and 100 (which is 

the brightest level of white). The colour channels at zero a* = 0 and b* = 0 are representing 

a grey colour state. Channel a* could vary from green (negative values of a*) to red 

(positive values a*), while channel b* could change from blue (negative values of b*) to 

yellow (positive values of b*). The colour difference (CD) of EC WEs was calculated by 

comparing its colour to the colour of the blank ITO-WE according to Equation 7.1.16  

Equation 7.1) 𝐶𝐷 = √(∆𝐿∗)2 + (∆𝑎∗)2+(∆𝑏∗)2   
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Notably, all systems demonstrated high CD values of 52.6, 48.4, 57.4 for Me-WE, iPr-WE, 

and Pyr-WE, respectively, which only a slight decrease from the CD value of 66.3 observed 

for Fn-WE. The methylated materials prepared using different reaction times Me-WE(24h) 

and Me-WE(72h) demonstrate very similar values of CD of 50.7 and 49.3, respectively. 

 

Figure 7.2) AFM topographic images and the corresponding AFM line profiles for (a) non-functionalized 

ITO screen-printed support (ITO-WE) and (b) Me-WE. 

The extended surface area of the surface support is a key factor in the design of our EC 

materials. The formation of a monolayer of EC molecules on these supports results in 

brightly coloured materials.15 The high molecular loading responsible for these colours is 

possible due to the high surface area of the support. Therefore, AFM analysis was 

performed to visualize the morphology and microstructure of screen-printed supports 

(Figure 7.2A, SI Figure 7.2). Characteristic 3D AFM images demonstrate that ITO-50 

nanoparticles are uniformly distributed at the film surface. The annealing process is 

accompanied by the sintering of nanoparticles. However, the surface line profiles show the 

presence of gaps or pores between nanoparticles, typical for the nanostructured 

morphology. No cracks or deep cavities were observed. Notably, almost identical surface 

morphology was detected for the quaternized Me-WE sample. No 

damage/deterioration/morphology changes were detectable by AFM (Figure 7.2B) as well 

as by SEM measurements (vide infra). The root-mean-square roughness estimated from 

the profile of 5x5μm image is ~15 nm, which is higher than that (2.9 to 9.5 nm) reported 

for similar area AFM images of ITO films deposited on glass by radio frequency magnetron 

sputtering.41 
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X-ray photoelectron spectroscopy (XPS) demonstrates the presence of nitrogen and 

iron on the surface of the materials (SI Figure 7.3). Fe2p peaks appear as doublets with 

characteristic spin−orbit coupling (Δ=12.8 eV). Fe2p3/2 peaks partially overlap with In3p1/2 

(BE=704.2 eV), while Fe2p1/2 peaks are close to ones of Sn3p3/2 (BE=716.8 eV). The 

Fe2p3/2 peak of the Fn-WE is located at 709.3 eV. The alkylation of the terminal amino 

group has a minor influence on the Fe2p3/2 peak position. Thus, Fe2p3/2 peak of Me-WE 

appears at 709.1 eV, of iPr-WE at 709.3, and of Pyr-WE at 709.2 eV, which is within the 

limits of experimental error. The N1s area of the materials consists of two peaks. N1s peak 

at 400.3 eV corresponds to the nitrogen in aromatic rings (NAr) aka polypyridine nitrogen, 

while the peak at higher binding energies is typical for quaternized (N+) nitrogen atoms. 

The N:N+ atomic stoichiometry of the Fn-WE is 6.9:1, which is close to the expected 7:1 

ratio for a fully mono-quaternized layer. Further functionalization of the foundation layer 

with methyl- and isopropyl- groups results in 6:1.8 and 6:1.7 N:N+ ratios, respectively. The 

introduction of pyridin-2-yl group leads to almost quantitatively expected 7:1.9 N:N+ 

stoichiometry. Importantly, we see the significant success of the on-surface post-

modification and could quantify the extent of the completion for this reaction. Thus, 

according to XPS N:N+ ratios, Me-WE, iPr-WE and Pyr-WE demonstrate 90, 85 and 95 % 

of quaternization for the outer pyridine units, respectively. That is a significant increase of 

the initial value (50.7%) of the outer pyridyl units quaternization for the Fn-WE, which 

corresponds to the monolayer with mono-quaternized surface-confined metal complex. 

To explore electrochemical properties of new WEs, they were first tested in the 3 

electrode cell configuration. Cyclic voltammetry (CV) of the WEs was used to evaluate the 

changes in the electronic environment upon quaternization (Figure 7.3A). There is a slight 

increase of half-wave potential (E1/2) upon N-quaternization for all materials (Table 7.1). 

To determine the diffusion properties and calculate the surface packing (Γ) of 

electrochemically addressable iron species (SI Equation 7.1), the CVs of the EC-WEs were 

measured in the range of 200 – 5 mV/s and analyzed (SI Figures 7.4-7.7). Notably, nearly 

identical surface packing of ~56 redox-active molecules per nm2 of the 1 × 1 cm2 WE was 

determined for all systems (Table 7.1). All EC-WEs demonstrated linear dependence of 

peak current (ip) on the sweep rate (ν) and not its square (ν1/2), (SI Figures 7.4-7.7), 

suggesting that the electrochemical processes within each system are not rate-limited by 
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slow diffusion of ions, which is characteristic for surface-confined monolayers.42 The ratio 

of oxidative to reductive peak current density (𝑗𝑝
𝑜𝑥/𝑗𝑝

𝑟𝑒𝑑) for Fn-WE equal to 1.1 represents 

the high reversibility of the redox processes taking place on the WE. While the Fn-ECWE 

has a slightly higher value of oxidative peak current, all N-quaternized WEs have slightly 

higher reductive peak currents demonstrating 𝑗𝑝
𝑜𝑥/𝑗𝑝

𝑟𝑒𝑑 ratios of 0.98 for Me-WE, 0.91 for 

iPr-WE, and 0.97 for Pyr-WE, respectively. This suggests that the positive charge induced 

into the system with N-quaternization of the outer pyridine units slightly complicates the 

achievement of the oxidative Fe3+ state. Clearly, post-synthetic N-quaternization does not 

result in the decomposition of the EC layers on the support or leaching of the EC molecules 

off the support (surface packing was not affected), nor blocking rapid electron transfer 

within the metalloorganic layer. 

The electron transport constants (kET) were determined using the Laviron method (SI 

Figures 7.4D-7.7D) obtaining 4.3, 3.6, 4.1, and 3.5 s-1 for the Fn-WE, Me-WE, iPr-WE, 

and Pyr-WE, respectively. The electron transport remained fast for all materials under 

investigation and kET values are consistent with ones previously reported by us for 

structurally related EC monolayers.15-16 Interestingly, post-synthetic N-quaternization does 

not affect initially fast charge transfer rate within the EC monolayer, making the proposed 

modification strategy attractive and strategically valuable general methodology to tune 

properties of EC monolayers without sacrificing of their performance. 

Electrochemical impedance spectroscopy (EIS) was used to further analyze the changes 

in conductivity for the N-quaternized WEs. The capacitance plots (SI Figures 7.8B-7.11B 

and SI Equations 7.4-7.5) depict slight increase in capacitance for the Pyr-WE, and a slight 

decline for both Me-WE and iPr-WE, compared to the Fn-WE. Normalized capacitance 

plots, which are capacitance plots normalized to their maximum value, were used to 

visualize the internal resistivity within the WEs that is observed as a shifting of the 

Warburg region (Figure 7.3B).43-44 The resistivity increases in the row: Pyr-WE< Me-WE 

< iPr-WE. 

The diffusion coefficients were determined using SI Equations 7.8-7.7. Notably, 

significantly faster ionic diffusion was observed for the Pyr-WE (3.4×10-8 cm2/s) when 

compared to the Fn-WE (1.5×10-8) while both alkylated films (Me-WE and iPr-WE) 

showed only slightly slower diffusion of 1.1×10-8 cm2/s. Apparently, the alkylation of the 
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EC layer does not limit the conductivity of the electrolyte through the material. On the 

contrary, the arylation results in the increased conductivity within Pyr-WE. 

 

Figure 7.3) Selected electrochemical characterization of the electrochromic working electrodes in 3 electrode 

cell (a) Cyclic voltammograms (CVs) at 50 mV/s, (b) normalized capacitance plot, and (c) Bode plots (liquid 

electrolyte: 0.1 M TBAHFP in CH3CN, Pt wire CE, 0.01 M Ag/AgNO3 RE). 

The Bode-magnitude plot45 (|Z| vs log f, where |𝑍| = (𝑍’2  +  𝑍”2)1/2 , Figure 7.3C) 

reveals a decline in the overall impedance for the iPr, Pyr- WEs compared to the Fn-WE, 

suggesting a decline in the internal resistance of the system (Me-WE was unchanged).46 

The Bode-phase angle plot (𝜑 vs log f where 𝜑 = tan−1 (
𝑍"

𝑍′
))45 gives phase angles between 

50o – 60o, which are all similar in value and representative for materials bearing Faradaic 

species.46 Nyquist plots, where the imaginary impedance (Z”) is plotted against the real 

impedance (Z’), were constructed as the measurements were taken at the redox potential 

of the EC WEs, and at the double layer potential (SI Figures 7.8A-7.11A). There is no 

charge transfer arc in the high-frequency region, and the low-frequency region extends 

linearly in the direction of the Z” axis, indicative of the porous material with fast ion and 

electron transport.47 

Table 7.1) Summary of electrochemical properties taken from CV and EIS. The surface areas are normalized 

to the WE (1 cm2). 
ECM E1/2 (V vs. 

Fc/Fc+) 

CF (mF/cm2) D (cm2/s) Surface Packing (Γ) 

(molecules/nm2) 

Foundation Fn-WE 0.80 10.5 1.5×10-8 56.3 

Methyl Me-WE 0.84 8.7 1.1×10-8 56.5 

Isopropyl iPr-WE 0.85 9.4 1.1×10-8 56.6 

Pyridyl Pyr-WE 0.84 13.8 3.4×10-8 57.3 
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Figure 7.4) (a) Schematic representation of the solid-state electrochromic devices (ECDs). (b) Photographs 

of the corresponding ECD at the coloured (0 V) and bleached state (2.3 V): Fn-ECD (top left), Me-ECD (top 

right), iPr-ECD (bottom left), Pyr-ECD (bottom right). 

 
Figure 7.5) The changes in absorbance of solid-state electrochromic devices (ECDs) upon application of 

different potential steps. Insets: Showing a curve visualizing the dependence of the intensity at the midpoint 

of MLCT band as a function of applied potential. (a) Fn-ECD, (b) Me-ECD, (c) iPr-ECD, (d) Pyr-ECD. 

To explore the electrochemical properties of new WEs in the solid-state, they were 

assembled into electrochromic devices (ECDs). For this, individual WEs were assembled 

with an ITO/glass plate functionalized by screen-printing of a ~7 mm thick titanium 

dioxide (TiO2) anatase layer that was used as the counter electrode (CE). The electrodes 

were sealed together using a polycarbonate Li+ gel electrolyte as an adhesive (Figure 7.4). 

The idea to use an enhanced surface area TiO2 layer on the CE was driven by two reasons. 

First, we have shown that the replacement of the flat ITO/glass CE with a high surface area 

CE leads to a much longer performance of the device.48 In addition, high surface area TiO2 

substrate operates as an electron storage layer and allows to narrow the potentials 

window.39 Indeed, the CVs measured in the 0 to 2.3 V potential window (SI Figure 7.12A) 

demonstrate a complete redox cycle (one pair of redox peaks) for each ECD. In contrast, 
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ECDs based on monolayers of transition metal complexes that utilize flat CE typically 

require wider potential windows.14-15, 39 Thus, for Me-, iPr- and Pyr-ECDs the half-wave 

potential was observed at 1.9, 1.8, and 2.0 V, respectively, close to the value of half-wave 

potential (1.8 V) found for the Fn-ECD. 

We have further determined the minimum applied potential that is sufficient to fully 

switch the device from the coloured to the bleached state (Figure 7.5). The changes in 

absorbance at MLCT band in UV-Vis spectra for individual ECDs were studied upon 

stepwise elevation of the applied potential. Thus, the Fn-ECD demonstrates the highest 

oxidation potential and requires application of 2.1 V to fully bleach the λMCT band, while 

Me-ECD iPr-ECD and Pyr-ECD require lower potentials of 1.7, 1.8 V and 1.9, 

respectively.  

Optical properties of electrochromic solid-state devices visualized at Figure 7.4B were 

analyzed using CIELAB system for both coloured and bleached states. As assembled (0 V, 

coloured state), Fn-ECD appears as Cyprus/green (colour/hue). Upon bleaching at 2.3V, 

Fn-ECD turns to Verdigris/grey. The ECDs based on the N-quaternized systems featuring 

different shades of green: Burnham/green (Me-ECD), Te Papa Green/green (iPr-ECD), 

and Mallard/green (Pyr-ECD). Notably, all these devices reach the same Highball/green 

colour upon bleaching (Table S2). The colour difference for the ECDs was calculated as 

the difference between coloured (0 V) and bleached (+2.3 V) states of each ECDs 

according to the Eq. 1. Taking into account the layered structure of two-electrode cell, 

which consists of an EC WE, Li+ gel electrolyte, and a CE functionalized with screen-

printed TiO2 layer, one would expect some decrease in the CD values for ECDs when 

compared to EC materials prior assembly. Remarkably, even assembled into the solid-state 

devices, all systems demonstrate very significant CD between bleached and coloured states 

of 42.2, 42.3, and 29.4 for Me-ECD, iPr-ECD, Pyr-ECD respectively. These values are 

very comparable to the CD of 42.8 demonstrated by Fn-ECD. 

To evaluate the performance of ECDs, the changes in the absorbance at the MLCT 

band were measured at coloured (0 V) and bleaching (2.3 V) states. The difference in 

optical density ∆OD, (where Δ𝑂𝐷 = log (
𝑇𝑏

𝑇𝑐
)), is one of the most important parameters to 

define the efficiency of ECDs, where the highest values define the best-performing systems 

(SI Figure 7.12B-E). Notably, the majority of the systems (all except Pyr-ECD) 
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demonstrate higher values of ∆OD (Table 7.2) than that previously reported by us for 

structurally related terpyridine-based monolayers on the extended conductive supports.   

Table 7.2) Summary of spectroelectrochemical data for the ECDs. 

ECD tc (s-1) 

CE TiO2/ 

ITO/glass 

tb (s-1) 

CE TiO2/ 

ITO/glass 

∆OD (%) 

CE TiO2/ 

ITO/glass 

η (cm2/C) 

CE TiO2/ 

ITO/glass 

η (cm2/C) 

CE 

ITO/glass 

Optical 

Memory 

𝒕𝑨,𝒎𝒂𝒙
𝟗𝟓%  (s) 

Foundation Fn-

ECD 

1.1 2.0 56 1029 1070 282 

Methyl Me-

ECD 

0.8 3.6 59 1513 1534 95 

Isopropyl iPr-

ECD 

0.6 1.2 61 1094 1588 112 

Pyridyl Pyr-

ECD 

1.1 3.3 39 1018 1026 133 

 

 
Figure 7.6) Changes in absorbance at the MLCT band for solid-state electrochromic devices with 

TiO2/ITO/glass CE under varying switching times using 0 and 2.3 V holds (a) Fn-ECD, (b) Me-ECD, (c) iPr-

ECD, (d) Pyr-ECD. 

The ability of EC systems to rapidly switch between coloured and bleached states is 

another demanded feature of effective ECD. Notably, all ECDs described here demonstrate 

effective switching from 60 to 15 s per potential holds (Figure 7.6). Under 7.5 s per 

potential hold, while the Fn-ECD shows the same excellent performance, Me-ECD, iPr-

ECD, and Pyr-ECD demonstrate a visible decline in ∆OD. All systems demonstrate very 

fast colouration (tc= 0.6-1.1s) and bleaching (tb=1.2-3.6s) times, which are the times 

required to reach 95% the maximum or minimum absorbance, respectively (Table 7.2).49 
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Some inorganic and organic EC materials, due to the nature of the material demonstrate 

great optical memory and even bistability of the devices.50-51 In contrast, in the absence of 

external voltage, the majority of reported iron(II)-terpyridyl ECMs are coloured.52-53 Being 

electrochemically oxidized to bleached Fe3+ state, when the voltage is off, they are known 

to experience a fast self-reduction reaching coloured Fe2+ state. Similarly, all devices 

presented here do require external voltage (2.3 V) to keep the bleached state. In contrast, 

the natural Fe2+ coloured state of the material relatively quickly recovers at open circuit. 

To quantify the ability of the materials to maintain coloured and bleached states in the 

absence of the applied potential, the optical memory of the ECDs were measured.50 (See 

SI Figure 7.15 and Table 7.2). Optical memory of the material was reported as the time to 

reach 95% maximum absorbance under open-circuit conditions. The application of 2.3 V 

leads to Fe2+ oxidation to Fe3+ leading to device decolouration. When the circuit is open, 

the devices demonstrate fast recovery to reach stable Fe2+ coloured state. The optical 

memory of the Fn-ECD was the highest, requiring 282 s to achieve 95% of the maximum 

absorbance (𝑡𝐴,𝑚𝑎𝑥
95% ). Interestingly, N-quaternization of the material result in the decreased 

optical memory and significantly faster discharge ECD. 𝑡𝐴,𝑚𝑎𝑥
95%  = 95 s -133 (Table 7.2) The 

values observed are consistent with values previously reported by us for structurally related  

terpyridine monolayer-based materials.16  

 

Figure 7.7) (a) Spectroelectrochemical long-term durability measurements and (b) corresponding current 

density curves of Me-ECD. The experiments were carried at λ = 600 nm by alternatively holding at 0 V for 

15 s and then 2.3 V for 15 s. (Li+ gel electrolyte, TiO2/ITO/glass CE). 
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The long-term electrochemical stability of the device is an important measure to 

analyze the overall performance of the EC systems. The durability of the Me-ECD was 

explored by performing a long-term stability assessment that demonstrated 96% retention 

of the ∆OD (Figure 7.7A) and 90% retention of the current density after 3300 cycles 

(Figure 7.7B). 

 
Figure 7.8) Typical SEM images of (a,b) non-functionalized ITO screen-printed films ITO-WE, (c,d) Me-

WE as prepared, and (e,f) Me-WE after 3300 electrochemical cycles. 

Scanning electron microscopy (SEM) images (Figure 7.8) show insignificant 

morphology difference when comparing bare screen-printed films ITO-WE, freshly-

prepared Me-WE, and Me-WE after 3300 electrochemical cycles, in agreement with ∆OD 

and current density retention. 

Finally, the colouration efficiencies (η) of all ECDs were calculated by analyzing the 

slope of linear regression on the plot of ∆OD versus charge density, Q (SI Figure 7.13). 

The colouration efficiency of the ECDs is one of the major parameters accessing the 

effectiveness of the ECDs. Best performing devices show the highest changes of the optical 

density under the lowest requirements of the external voltage. The colouration efficiency 

for the ECDs described in this work were defined as 1029 cm2/C, 1513 cm2/C, 1094cm2/C, 

and 1018 cm2/C for the Fn-ECD, Me-ECD, iPr-ECD and Pyr-ECD, respectively. While 
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the obtained values are comparable to previously reported by us structurally related 

monolayer-based ECDs,15-16 the values are significantly larger than that reported for the 

majority of metalloorganic-based ECDs, where values of  750 cm2/C are considered 

exceptional.54 The η values of our monolayer-based ECDs are drastically larger than that 

reported for viologen-based ECMs (<301 cm2/C),9, 55-56 and inorganic metal oxide systems, 

where the colouration efficiency of ~556 cm2/C referred as an “ultrahigh” in its class.57-58 

There was one literature report on the organic-based ECD that demonstrated similarly high 

values of colouration efficiency (≥1,240 cm2 C−1).51 In addition, van der Boom group 

reported on ECDs based on polypyridine layer–by–layer architectures on the flat ITO glass 

electrodes that demonstrated similar ultra-high CE of 1488 cm2/C.38  

Notably, the nature of the counter electrode used for ECDs is fundamentally important 

and often defines the system’s performance, stability and efficiency. While many literature 

reports concentrate mainly on modifications and analysis of solely EC electrodes, it is 

important to remember the role of the device architecture and the nature of the CE. 

Interestingly, reassembling the same devices with flat ITO/glass CEs resulted in the 

comparable values of colouration efficiencies (Table 7.2, SI Figure 7.14) but requires 

broader (0 to 3 V) potential window to operate. The use of CE with extended surface area 

(TiO2/ITO/glass) allows significantly narrow down the operating potential window (0 to 

2.3 V) of the device and minimize side reactions responsible for the degradation of the CE 

as previously reported.48 The utilization of the TiO2/ITO/glass CE is a very beneficial 

strategy since it allows to create robust and efficient EC materials. 

7.5 Conclusion 

In this work, we present a methodology for post-synthetic colour tuning of EC materials 

based on a monolayer of molecularly defined metal complex covalently embedded onto 

the extended surface of a conductive screen-printed ITO support. In more detail, N-

quaternization of one of the outer pyridine moieties of the [Fe(4′-(pyridin-yl)-2,2′:6′,2′′-

terpyridine)2](BF4)2 complex by reaction with surface-anchored templating layer results in 

the formation of a foundation EC molecular layer. Further selective on-surface N-

quaternization of the second outer pyridine unit of the metal complex molecules allows for 

the fine colour tuning of the EC layer and provides an access to new unique EC materials 

featuring different shades of green colour. Notably, this top-down approach allows us to 
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access non–symmetrical molecular structures of the EC monolayer that are not 

synthetically accessible in solution. The effect of the alkylating/arylating agent on the 

colour and performance of the materials was explored in depth. In the 3-electrode cell, the 

materials represent very promising energy storage properties (good Faradaic capacitance 

values), and high electron transfer constants. Proposed post-synthetic modification 

(selective on surface N-quaternization) does not compromise the excellent performance 

and stability of EC monolayer, but opens the door to fine-tuning the colour of materials to 

obtain different shades of green. This methodology could be further explored to tune the 

colours of other surface-confined electrochromic monolayers that bearing free nitrogenous 

units in the structure. N:N+ stoichiometries determined from XPS measurements are 

consistent with the almost quantitative level of N-quaternization for all systems. When 

assembled into solid-state electrochromic devices, the materials demonstrate a good 

difference in optical density, superior colouration efficiencies and fast bleaching and 

colouring times. In addition to the great electrochemical performance, the device shows 96 

% retention of the ∆OD and 90% retention of the current density after 3300 cycles. 

Importantly, utilization of the TiO2 electron storage layer allows narrowing the working 

potential window (0-2.3 V) and grants enhanced stability for the devices. Neither signs of 

the CE burning, nor electrolyte decomposition were detected after the long-term cycling 

experiment. 

The Fn-ECD could be electrochemically turned from Cuprus/green to Verdigris/grey. 

Post-modified ECDs in the coloured state were offering a wide range of green colours 

(Burnham, Te Papa Green and Mallard/green colours) that were electrochemically 

switched to Highball/green. Thus, the series of the novel ECDs show a colour gamut nicely 

reflecting the demands for “smart” camouflage/chameleon-like materials able to mimic 

wide a range of natural colours of the environments starting from green forests and 

finishing by sands and clays. High stability and the great colour difference between 

bleached and coloured states of the ECDs make them promising candidates for future 

developments in this area. 
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Chapter 8. Systematic Design of Electrochromic Energy Storage Devices 

Based on Metal-Organic Monolayers 

8.0. Preface 

Reproduced with permission from Laschuk, N.O; Ebralidze, I.; Easton, E. B.; Zenkina, 

O., Systematic design of electrochromic energy storage devices based on metal-organic 

monolayers. ACS Appl. Energy Mater. 2021, 4 (4), 3469-3479. 

doi:10.1021/acsaem.0c03218. Copyright 2021 American Chemical Society. 

Past work in this thesis demonstrated the feasibility of the monolayers of the metal (M) 

2,2’2:6’,2”-terpyridine (tpy) complexes on high surface area surface-enhanced supports for 

the creation of highly effective and durable electrochromic devices (ECDs). In this chapter, 

the selected materials with the best performance were integrated into electrochromic 

energy storage devices (EESDs), and their performance and efficiency were fine-tuned.  

To create the EESDs, the molecularly defined metal complexes containing iron(II), 

osmium(II) and cobalt(II) metal centers with bis(4′-(pyridin-4-yl)-2,2’:6′,2’’-terpyridine) 

were simultaneously introduced into the same surface-enhanced electrode. Incorporation 

of multiple Faradaic reactions into the system leads to enhanced pseudocapacitance of the 

device through controlled and sequential release of the charge by the device, which is a 

desirable feature for an effective supercapacitor. In order to maximize the release of charge, 

as well as to narrow the operation potential window and improve the stability of the EESDs, 

a porous ion storage layer of titanium dioxide (TiO2) was incorporated. This trimetallic 

EESD was successfully used for energy storage and release, and it provided colorimetric 

indication of “charged” and “discharged” states of the device. 

8.1. Abstract 

Electrochromic materials (ECMs) change their colored state with changes in potential. 

When applied as an energy storage device, they reveal the current state of charge using 

intrinsic properties already within the ECM. This is possible because supercapacitors of 

the faradaic type, called pseudocapacitors, rely on the same redox reactions that induce the 

color change in ECMs. In this work, molecularly defined metal complexes were covalently 

attached to a surface-enhanced indium tin oxide nanoparticle-based screen-printed support 

to form a monolayer. We have investigated these monolayers for their ability to store and 

release a charge while retaining their electrochromic properties. Iron(II), cobalt(II), and 

https://pubs.acs.org/doi/10.1021/acsaem.0c03218
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osmium(II) complexes were deposited separately or simultaneously leading to 

corresponding single- or triple-metal materials. Spectroscopic and Galvanostatic 

charge−discharge measurements confirm the dual electrochromic and energy storage 

nature of the devices in a range of currents. The introduction of a transparent charge storing 

TiO2 layer at the counter electrode improves the current density, capacitance, response 

time, and long-term performance of the triple-metal electrochromic device. This work adds 

to a limited number of chromophoric metal coordination complexes applied within energy 

storage devices. 

8.2. Introduction 

The rapid development of modern portable and wearable electronics requires novel 

efficient energy storage devices. Supercapacitors and lithium-ion batteries have become 

the most promising alternatives to classical batteries that find applications in modern 

electronics.1 Based on the mechanism of energy storage, supercapacitors can be divided 

into double-layer capacitors that store energy forming an electrical double layer and 

pseudocapacitors that store energy through the redox reactions (faradaic processes) that 

take place near the surface of the electrode material.2 If this redox reaction is accompanied 

by a color change (a phenomenon called electrochromism), the color can be interpreted as 

a charge level display, an integrated smart functionality of the energy storage device. The 

resulting electrochromic energy storage devices (EESDs), reveal one distinct color when 

charged and a separate color when discharged.3-4 This allows for the simple determination 

of the charged state of the device.5 

The potential of most studied electrochromic materials (ECMs) based on conductive 

transition metal oxides6-8 and conducting polymers9-10 to create EESDs has been recently 

extensively explored.11-14 However, the best results were achieved when using a 

combination of an ECM-functionalized working electrode (WE) with a counter electrode 

(CE) that operates as either charge storage3, 11, 15-16 or as an active complementary switching 

electrochromic layer.1, 4, 12-13, 17 When using a complementary approach to form an EESD, 

both electrodes require a comparable amount of charge to switch. Moreover, the redox 

behavior of the materials on both electrodes should match, i.e., they should be stable over 

similar voltage ranges and jointly change their colors leading to a colored or bleached state 

of the device.18 Hybrid EESDs that are built as a combination of an electrochromic 
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pseudocapacitor (as WE) and a double-layer capacitor (as CE) often use carbon-based CEs 

such as porous carbon blacks,16 regular,19 or multiwalled carbon nanotubes15 that can 

adsorb negative charge and accommodate protons and lithium ions forming a double 

layer.20-21 Although carbon-based materials demonstrate exceptional energy storage 

capacity,22-23 the black color and insufficient transparency of carbon is problematic for 

EESDs and forces to use it not as a layer but as a frame.15, 22 In contrast, the formation of 

nanostructured TiO2 at the CE surface results in promising transparent electrode materials 

that can accumulate electrons24 and therefore balances redox charge from the WE, which 

enhances device stability. Moreover, rutile TiO2 nanowires were shown to accommodate 

lithium ions5, 25 resulting in materials utilizing intercalation pseudocapacitance.26 Higuchi 

and Lee have recently reported on rake-like nanowires formed by an EC Fe(II)-based 

metallosupramolecular polymer on an ITO/PET substrate that when assembled with a TiO2 

ion storage layer demonstrates supreme stability and very promising energy storage 

properties.11 

Previously, we have introduced a novel type of ECMs consisting of the surface-

confined electrochromic (EC) monolayer of transition metal complexes grown on porous 

conductive metal oxide supports.27 A significant packing density of well-defined metal 

complexes of various terpyridine derivatives combined with an enhanced surface area-

conductive support leads to vivid colors of the resulting hybrid materials.28 The chemistry 

of polypyridine and especially terpyridine derivatives is well-developed;29-31 and these 

ligands are known to form stable complexes with a variety of metals in different oxidation 

states.32-33 Complexes of different metals can be covalently anchored to the surface either 

individually or jointly using a simultaneous34 or sequential35 deposition approach. The 

resulting monolayers demonstrate intense redox dependent absorbance in the UV−vis 

region due to metal-to-ligand charge transfer (MLCT) and d−d* transitions.35 Electrodes 

formed by the functionalization of a porous metal oxide surface with a single layer of 

terpyridine-based transition metal complexes demonstrate very promising EC properties 

such as high coloration efficiencies, good long term stability, and fast electron transfer, all 

of which are advantageous for the application in the energy storage devices and 

supercapacitors. Taking this into account, we have explored the dependence of EC 

properties from the support by the screen-printing nanoparticles of fluorine-doped tin oxide 
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(FTO) and indium tin oxide (ITO-30 and ITO-50); as well as ligand conjugation by 

introducing a single (−), double (=), or triple bond (≡) linker between chelating 4′-phenyl-

2,2′:6′,2″-terpyridine (terpy) and anchoring pyridine (pyr) moieties.28 We demonstrated 

that working electrodes based on the ITO-50 screen-printed layer (particles with a diameter 

less than 50 nm) functionalized with an Fe(II) complex of terpy≡pyr demonstrate the most 

attractive properties: partial transparency, good diffusion rate (D = 2.1×10−8 cm2 s−1), and 

most importantly, a relatively high pseudocapacitance value of 8.2 mF/cm2 in a liquid 

electrolyte (tetrabutylammonium hexafluorophosphate in acetonitrile (TBAHFP/CH3CN)). 

Assembling this 1 × 1 cm ECM as a WE with an ITO glass CE through a lithium gel 

electrolyte results in a two-electrode solid-state device that was sufficient to light up a red 

or yellow LED. In this manuscript, we explore hybrid EC WEs based on an ITO-50 surface-

enhanced support functionalized with M(L)2 complexes, where M = Co, Fe, and Os and L 

= 4′-(pyridin-4-yl)-2,2′:6′,2″-terpyridine (terpy·pyr), and use these WEs to build EESDs. 

8.3. Experimental 

NaOH was purchased from Thermo Fisher Scientific. AgNO3, 2-acetylpyridine, 

Co(BF4)2·6H2O, (CH2OH)2, Fe(BF4)2·6H2O, ferrocene, propylene carbonate, 4-

pyridinecarboxaldehyde, and transparent titanium(IV) oxide (TiO2 anatase) screen-printing 

paste (Greatcell Solar, TiO2 paste) were purchased from Millipore Sigma. Anhydrous 

acetonitrile and HPLC grade acetonitrile were from VWR. (NH4)2OsCl6, NH4PF6, 

LiCF3SO3, poly(methyl methacrylate), KOH, and TBAHFP were purchased from Alfa 

Aesar. Hexane and ethanol were from ACP Chemicals. Hexane was purged with nitrogen 

for 20 min and left over molecular sieves for 12 h prior to use. All other reagents were used 

as purchased. Single-sided indium tin oxide (ITO)-coated glass (10 × 35 × 0.7 mm) (RS = 

4−10 Ω) with cut edges was purchased from Delta Technologies. ITO/glass pieces were 

washed using a basic piranha prior to screen-printing. Caution: basic piranha is extremely 

corrosive. 

The (4′-(pyridin-4-yl)-2,2′:6′,2″-terpyridine) ligand (also known as terpy·pyr), 

abbreviated as L in this manuscript, was prepared using Constable’s procedure.29 

Complexes [Fe(L)2](BF4)2
29 and [Co(L)2](BF4)2

36 were prepared as per the literature 

procedures, although the BF4 counter anion was used instead. Complex [Os(L)2](PF6)2 was 

prepared following the literature procedure.31 
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Working electrodes were created using a published procedure.34 Briefly, the ITO 

surface-enhanced supports were screen-printed as 1 × 1 cm squares on the ITO/glass using 

Sigma-Aldrich’s ITO nanopowder ≤50 nm particle size. Then, in a N2-filled MBraun 

LABstar Pro glovebox, the screen printed ITO substrate was immersed in 1:50 (V/V) 4-

(chloromethyl)phenyltrichlorosilane in anhydrous hexane and left to stand for 20 min and 

then rinsed three times with anhydrous hexane and three times with anhydrous CH3CN. 

Then, siloxane-functionalized screen printed ITO slides were immersed in the anhydrous 

CH3CN solution containing 0.4 mM of each metal complex required to be deposited on the 

particular electrode surface, sealed in pressure tubes, and were then heated at 95°C for 4 

days. After cooling to room temperature, the substrates were washed three times with 

acetonitrile and three times with hexane, sonicated one time per solvent for 5 min, dried 

under a stream of air, and then used as working electrodes. This resulted in the formation 

of the following electrochromic working electrodes: Fe-ECWE, Co-ECWE, Os-ECWE, 

and the electrode, containing all three metals, 3M-ECWE. 

To form the two-electrode cell EESD, the working electrode was sealed to a piece of 

commercial ITO/glass (the counter electrode) with conductive faces together using 0.1 mL 

of Li+ gel electrolyte.37 To form the two-electrode cell TiO2-EESD, the counter electrode 

was improved by screen-printing a layer of TiO2 anatase (ion storage layer), following the 

published procedure,38 which then was assembled in a two-electrode system using a 

suitable WE (vide supra). The thickness of the TiO2 layer was measured using a Profilm 

3D profilometer. The highly transparent films were gold sputtered prior to imaging using 

a 108 Auto Cressington sputter coater.  

Raman spectroscopy measurements were performed using a Renishaw inVia confocal 

Raman microscope. The neodymium-doped yttrium aluminum garnet (Nd:YAG) laser had 

an excitation wavelength of 532 nm and a power output of 50 mW. Thermogravimetric 

analysis (TGA) measurements were performed in air using TA Instruments SDT Q600 

using 5°C/min ramp rate and a flow rate of 50 mL/min. Scanning electron microscopy 

(SEM) images were measured using a Hitachi scanning electron microscope FlexSEM 

1000. 

Cyclic voltammograms (CVs) were measured using a Solartron Analytical 1470E 

potentiostat using 0.1 M TBAHFP in acetonitrile as an electrolyte and standardized to 
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ferrocene/ferrocenium (Fc/Fc+). CVs and electrochemical impedance spectroscopy (EIS) 

were measured using a three-electrode cell setup: where Pt wire was used as the counter 

electrode and 0.1 M Ag/AgNO3 as a reference electrode. The device was assembled and 

held together using a BioLogic plate material evaluating cell. EIS was measured using a 

Solartron 1470 potentiostat with a SI 1260 impedance/gain phase analyzer from 80×103 to 

0.1 Hz with a 5 mV amplitude signal. EIS measurements of all the films began with CV 

measurement at 50 mV/s from −0.86 to 1.7 V versus Fc/Fc+, then continued by recording 

the impedance at all observed points of redox activities. The measurement at 1.1 V versus 

Fc/Fc+ was assigned as the double-layer capacitance Cdl. (The Cdl value was chosen to 

avoid any inconsistency issues in the baseline caused by the multiple redox peaks occurring 

over the large potential range for the different EESDs.)  

The GCD curves were measured using a Solartron Analytical 1470E potentiostat using 

a two-electrode cell design. The EESDs were charged from 0 to 3 V and discharged back 

to 0 V, with 60 s holds at 0 V before the measurement of each new current density. Each 

current density step was measured for 5 cycles and then the areal capacitance was reported 

as the average values of 5 cycles. Similarly, the enhanced trimetallic EESD with a TiO2-

functionalized CE (3M/TiO2-EESD) was charged from 0 to 2.3 V for 5 cycles with 60 s 

holds at 0 V between applying new current density. While GCD cycling, UV−vis 

absorbance at one set wavelength was simultaneously measured using a Perkin Elmer 750S 

UV−vis spectrophotometer with 60 mm integrating sphere. If Os2+(L)2 was present in the 

EESD, the absorbance was held at 515 nm representative of the spin allowed MLCT 

transition of this complex. The optical output of the Fe2+(L)2 upon GCD cycling was 

evaluated by measuring the absorbance at 600 nm, which corresponds to the MLCT of the 

Fe2+(L)2 complex. 

8.4. Results and Discussion 

Electrochromic working electrodes (ECWEs) were fabricated as previously reported.34 

Briefly, ITO-50 nanoparticles were screen-printed on a flat highly conductive (RS = 4−10 

Ω) ITO/glass substrate resulting in a thick (8 ± 1 μm) surface-enhanced support (SES) with 

a Brunauer−Emmett−Teller (BET) specific surface area of 30 m2 g−1.39 The surface of the 

support was prefunctionalized with 4-(chloromethyl)phenyltrichlorosilane to form a 

templating layer that was further reacted with individual M(L)2 metal complexes (where 
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M = Co2+, Os2+, and Fe2+) of 4′-(pyridin-4-yl)-2,2′:6′,2″-terpyridine (L) or an equimolar 

mixture of all three complexes. This created four unique types of ECWEs namely Co-

ECWE, Os-ECWE, Fe-ECWE, and 3M-ECWE, respectively, which were explored for 

their ability to store energy. Metal complexes deposited on the surface-enhanced support 

are molecular components that are expected to form the electrochromic hole-storage layer 

on the positively charged electrode. 

 
Figure 8.1) SEM images of 3M-ECWE (a) as-prepared and (b) after 1000 cycles of Galvanostatic 

charge−discharge (GCD) durability test in two-electrode solid-state assembly (see the main text for details). 

(c) Raman spectrum of 3M-ECWE. 

The stability of the highly porous surface of a WE is a very important characteristic 

required for a supercapacitor to allow long-term effective charging and discharging 

processes and needed to support ion diffusion within channels.40 The surface morphology 

of ECWEs, as shown by the example of 3M-ECWE in Figure 8.1A,B, demonstrates no 

visible deterioration after assembly into a two-electrode solid-state device, 1000 cycles of 

Galvanostatic charge−discharge (GCD) durability test, and further disassembly of the 

device followed by overnight soaking in acetonitrile to remove the remaining gel 

electrolyte. The presence of corresponding metal ions on the surface of the ECWEs was 

earlier demonstrated by XPS and EDS techniques.34 We have previously reported on the 

Raman spectra of single-metal Co-, Os-, and Fe-ECWE35 recorded using an excitation of 

532 nm, which was nearly resonant to the MLCT of the metal complexes, and thus the 

corresponding electronic transitions might have been enhanced.41 The Raman spectrum of 

3M-ECWE (Figure 8.1C) confirms metal−ligand interactions. Thus, the peaks at 350−403 

cm−1 originate from metal−pyridine stretching.42 Multiple intense peaks at 1049, 1104, 

1234, 1259, 1355, 1412, 1526, and 1641 cm−1 are consistent with pyridine ring stretching 

modes, which is in good agreement with previously reported values measured using related 

metal complexes.42-43 
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The thermal stabilities of the ligand and metal complexes were explored using 

thermogravimetric analysis (TGA) in air (SI Figure 8.1). The ligand begins to undergo 

slight decomposition at 160°C with its largest mass loss observed from 230 to 400°C. The 

[Os(L)2](PF6)2 starts decomposing at 230°C, experiencing an initial 26% mass loss 

previously assigned to the decomposition of both PF6 counter anions,44 and followed by 

further complex decomposition that takes place from 310 to 760°C. Heating [Fe(L)2](BF4)2 

from 230 to 290°C results in the loss of one BF4 counter anion (10% mass loss), which 

withstands heating to 345°C followed by the largest mass loss observed until 455°C. The 

[Co(L)2](BF4)2 demonstrates just insignificant decomposition till 315°C followed by 

complex decomposition that takes place till 760°C. The improved thermal stability of the 

complexes makes them promising candidates to be applied in the design of ECWEs. 

 
Figure 8.2) (a) CV of 3M-ECWE (black) and a blank, unfunctionalized ITO-50 screen-printed WE (red). 

Selected EIS results for the 3M-ECWE in a three-electrode cell configuration: (b) capacitance plot, (c) 

normalized capacitance plot, (d) Nyquist plot, (e) expansion of the mid-frequency region of the Nyquist plot, 

and (f) Randles plot. 

Electrochemical impedance spectroscopy (EIS) measurements in the three-electrode 

cell were used to assess the electron mobility and capacitance and to determine the true 

performance of the individual hybrid working electrodes (Figure 8.2, SI Figure 8.2-8.5). 

The organic TBAHFP/CH3CN electrolyte system was used to grant good compatibility 

with the monolayer of transition metal complex and to support a wider potential window 

when compared to aqueous electrolyte systems.45 Cyclic voltammograms of single-metal 
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ECWE experience a point of faradaic capacitance at the respective half-wave potentials (SI 

Figure 8.2A-8.5A). For 3 M-ECWE, the redox peaks of Co2+/3+ can be easily distinguished, 

but Fe2+/3+ and Os2+/3+ could not be resolved due to small differences in half-wave potentials 

(Figure 8.2A). 

To explore the impact of the unfunctionalized surface-enhanced support i.e., ITO-50 

screen-printed layer on the capacitance values of functionalized WEs, the EIS of the ITO-

50 WE was measured across key potentials for the trimetallic system: the position of 

faradaic activity for Co (−0.1 V), shouldering attributed to a free ligand L (0.42 V), Fe, and 

Os blended Faradaic activity (0.65 V), and a bias outside of these within the double layer, 

dl (1.1 V) (Figure 8.2A). The series capacitance was calculated for each substrate using the 

relationship: 

Equation 8.1) 𝐶 = −
1

𝜔𝑍"
 

requiring the imaginary impedance (Z”) and angular frequency (ω) and then plotting this 

against the real impedance (Z’). 

Table 8.1) EIS properties of the metal complexes deposited on the screen-printed ITO-50 surface-enhanced 

supports, giving the faradaic capacitance (CF), diffusion coefficient (D), and internal resistance (RΣ) for each 

half-wave potential in a three-electrode cell setup. 

Metal System CF (mF/cm2) D (cm2 s-1) RΣ (Ω cm2) 

Redox Peak Fe/Os Co Fe/Os Co Fe/Os Co 

Fe 8.4 - 1.7×10-8 - 22 - 

Co - 3.3 - 2.8×10-9 - 27 

Os 2.9 - 1.8×10-9 - 1.2×102 - 

Fe+Co+Os 7.2 2.6 6.1×10-9 2.4×10-9 23 68 

 

The Faradaic capacitance (CF) was determined using the method proposed by Reid et 

al., which subtracts the difference of the double-layer capacitance (Cdl) from the total 

capacitance (CT) measured at the half-wave potentials (measured at 0.1 Hz):46 𝐶𝐹 = 𝐶𝑇 −

𝐶𝑑𝑙. The main EIS properties: faradaic capacitance (CF), diffusion coefficient (D), and 

internal resistance (RΣ) for each half-wave potential in a three-electrode cell setup are 

summarized in Table 8.1. 

The double-layer capacitance remains approximately equivalent across the later 

potentials; however, there is a rise at −0.09 V (SI Figure 8.2). This is the position of the 

Ag/Ag+ faradaic activity contributed to the system by the counter electrode. This extra 

capacitance would contribute to the impedance measured at the Co half-wave potential 
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(∼1.3 mF/cm2), thus the EIS values at this potential have been adjusted accordingly. 

Moreover, the potential of 1.1 V was used as the double-layer potential for the 

functionalized substrates in order to remain consistent between various systems and to not 

overlap with any individual metallic half-wave potentials for the systems. The differences 

in capacitances were measured between single-metal ECWEs, with the highest observed 

faradaic capacitance for the Fe-ECWE of 8.4 mF/cm2, almost tripling the capacitance of 

the Co-ECWE (3.3 mF/cm2) and Os-ECWE (2.9 mF/cm2) (Table 8.1). The value of the 

Faradaic capacitance of Fe-ECWE observed here is very close to the one (8.2 mF/cm2) 

previously reported for a system based on a similar surface-enhanced support 

functionalized with the Fe(II) complex of 4′-(4-(pyridin-4-ylethynyl)phenyl)-2,2′:6′,2″-

terpyridine also known as terpy≡pyr.28 

The 3M-ECWE demonstrates significant faradaic capacitances of 7.2 and 2.6 mF/cm2 

for Fe/Os and Co, respectively. Note that the tiny shouldering due to the traces of a ligand 

on the surface demonstrates a much smaller capacitance (measured at 0.42 V) than that of 

the metal half-wave potentials. Therefore, it is not significantly contributing to the overall 

capacitance of the material, as shown in Figure 8.2A,B. 

The absence of a semicircle at higher frequencies of the Nyquist plot (Figure 8.2D,E) 

indicates a small active charge transfer resistance. The characteristic 45° Warburg region 

of the Nyquist plot depicted the ion mobility within the materials46 and was used to evaluate 

the mass transport properties. The Warburg impedance (σ) can be obtained using the 

Randles plot, i.e., the plot of real impedance versus the negative square root of angular 

frequency (ω−1/2) according to the equation: 

Equation 8.2) 𝑍𝑓
′ =

𝜎

√𝜔
 

which is valid for the lower frequency regions (Figure 8.2F and SI Figure 8.3E-8.5E). 

The diffusion coefficients (D) reported in Table 8.1 were determined from the 

following relationship:40 

Equation 8.3) 𝜎 =
𝑅𝑇

𝑛2𝐹2𝐴√2
(

1

𝐷1/2𝐶∗) 

where C* is the electrolyte concentration. The diffusion coefficients depict the ion 

mobility, with the greatest mobility observed for the Fe-ECWE (1.7×10−8 cm2/s). This was 

a magnitude faster than Co-ECWE (2.8×10−9 cm2/s) and Os-ECWE (1.8×10−9 cm2/s). The 
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trend for ion mobility was analogous to the Faradaic capacitances where the Os-ECWE 

experienced slower ion mobility, Table 8.1. Importantly, 3M-ECWE demonstrates a 

moderate ion mobility of 6.1×10−9 for Fe/Os and 2.4×10−9 for Co. 

While the internal resistance RΣ represents the sum of the ionic (Rionic) and electronic 

(Relectronic) resistance, the latter was assumed to be negligible.21 Therefore, the values of the 

internal resistance (Table 8.1) can be equated to Rionic. The lower conductivity of the Os-

ECWE in comparison to other systems could be a result of the increased bulkiness of the 

Os(L)2 complex in comparison to isostructural Fe and Co analogues. Interestingly, the 

resistance of the 3M-ECWE at the half-wave potential corresponding to Fe/Os is 23 Ω cm2, 

which is just slightly higher than that of Fe-ECWE and significantly lower than that of Os-

ECWE. In contrast, 3M-ECWE at Co half-wave potential exhibits much higher (68 Ω cm2) 

resistance than that of Co-ECWE.  

Because we revealed the promising energy storage properties in a three-electrode cell 

with the liquid electrolyte for all systems under investigation, we were interested to explore 

their performance as a part of solid-state EESDs. It is known that switching from a three-

electrode cell utilizing a liquid electrolyte to a solid-state device architecture leads to 

slower electron and ion transfer within the device.47 The ion mobility in gel electrolytes 

that are used for two-electrode devices is magnitudes slower than the electron mobility.40, 

47 Even though the measurements in the two-electrode cell significantly rely on many 

different factors including the transfer of counter ions and electrons through the layer of 

gel electrolyte, electrolyte degradation, side reactions, etc., that often complicate the data 

interpretation, a two-electrode solid-state configuration is a prototype of the real device.48 

Solid-state EESDs were assembled by joining an ECWE and ITO/glass CE together 

through a gel electrolyte (see 8.3 Experimental for more details). Successively changing 

the potential on the WE between 0 and 3 V results in the absorbance spectra change for all 

single-metal devices, confirming their electrochromic nature (SI Figure 8.6). The CVs of 

the corresponding EESDs were measured from 0 to 3 V to surpass the oxidative potentials 

of the metal complexes and find a proper potential window. Upon transitioning to the two-

electrode solid-state cell design, all ECWEs demonstrate a significant positive shift of the 

redox potential (SI Figure 8.7). These positive redox potential shifts are very common and 

normally contributed to the influence of CE and gel electrolyte in a two-electrode cell.1, 49 
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The half-wave potentials of the EESD became 2.3 V for Fe-ECWE, 2.2 V for Os-ECWE, 

and 1.8 V for Co-ECWE. The partially irreversible redox peak with a half-wave potential 

at 1.5 V for the Fe and Os EESDs may be due to the reduction of the pyridine groups. 

 
Figure 8.3) Galvanostatic charge−discharge (GCD) curves at different current densities for (a) Fe-EESD; (b) 

Os-EESD; and (c) Co-EESD. Calculated areal capacitance at different current densities for (d) Fe-EESD; (E) 

Os-EESD; and (f) Co-EESD. Data are shown as the average of 5 cycles.28 

Galvanostatic charge−discharge (GCD) curves of single-metal EESDs measured in the 

potential window of 0 to 3 V at different current densities (Figure 8.3A−C) show a 

reversible nonlinear shape, which is indicative for a pseudocapacitive performance via 

faradaic charge storage. The curves demonstrate visually distorted symmetry between 

charging and discharging processes, especially at lower currents. Interestingly, at the same 

currents, Co-EESD shows much slower charge/discharge time than that of Fe- and Os-

EESD. Importantly, the GCD curves allow for the determination of the specific capacitance 

for the EESDs in the two-electrode systems. The areal specific capacitance of the single-

metal EESDs (Figure 8.3D−F) was calculated for these cycles using the following 

equation: 

Equation 8.4) 𝐶 =
𝐼𝑡

𝑉𝑆
 

where I is the current (mA), t is the discharge time (s), V is the potential window (V), and 

S is the surface area (cm2). The Co-based two-electrode device shows the highest 

capacitance of 0.86 mF/cm2 at 0.01 mA/cm2, while Fe- and Os-EESDs demonstrate 

capacitances of 0.3 and 0.28 mF/cm2 at the same current, respectively. Os-EESDs 
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experience the lower capacitances, particularly with increasing currents, which was similar 

to that observed for Co-ECWE in the three-electrode EIS measurements. The capacitance 

of 3M-EESD was found to be 0.50 mF/cm2 at 0.01 mA/cm2. The observed decline in 

capacitance with increasing charging current occurred due to slow ion diffusion into the 

material, which has been observed for other EESDs.50-51 

 
Figure 8.4) GCD profile for two continuous cycles at the current density of 0.01 mA/cm2 and simultaneous 

change in UV−vis absorbance for various EESDs based on (a) Fe-ECWE; (b) Os-ECWE; and (c,d) 3M-

ECWE at the wavelength corresponding to Fe(II)/Fe(III) and Os(II)/Os(III) transitions, respectively. 

Because ECWEs change the color due to the redox process, the changes in UV−vis 

absorbance of EESDs at the wavelength corresponding to specific MLCT were measured 

simultaneously with GCD cycling as the proof of concept. As seen in Figure 8.4, charging 

to 3 V has induced the bleaching of Fe- and Os-ECWEs, while the discharging to 0 V 

reinstated their coloration. 

The color change for the Co-based device was insignificant. It should be noted that the 

color difference between charged and bleached states is greater for chronoamperometric 

experiments than GCD experiments. This is likely due to the nature of the experiment 

design, because during GCD cycling, the WE only holds the maximum bleaching and 

coloring potentials for an instant, before changing the potential. Moreover, the reduction 

of cobalt requires particularly lower potentials, signifying that they spent little time at 

potentials capable of reduction. 

Similar measurements on 3M-EESD performed at 600 nm (MLCT of Fe(L)2) and at 

515 nm (spin-allowed singlet state MLCT of Os(L)2) demonstrate the ability of 3M-EESD 

to visualize the charged/discharged state with the color change. Importantly, 3M-EESD 
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shows much slower charging/discharging times due to the presence of the cobalt 

component that was shown to be the slowest performer in the two-electrode setup. 

The GCD curves were nonlinearly shaped, which is a representative of a 

pseudocapacitor and its points of faradaic activity.40 Each EESD system was run for 5 GCD 

cycles per current density (SI Figure 8.8-8.11) while simultaneously measuring the UV−vis 

absorbance at one wavelength, with the exception of the Co-EESD, where no absorbance 

measurements were recorded due to the weak transition. The EESDs were cycled at 

0.01−0.05 mA/cm2. In each case, higher current densities and therefore faster cycling lead 

to a decrease in the observable change in optical density (ΔOD values), which is related to 

the speed of electron transfer while cycling using a gel electrolyte. 

The application of a positive potential to the ECWE assembled into an EESD leads to 

the faradaic oxidation of the metal center from M(II) to M(III) and the formation of a 

positive charge on the WE, where anions adsorb forming a double layer. Therefore, the 

ECWE can be considered as a hole-storage layer. The CE becomes negatively charged and 

adsorbs positive lithium ions from the electrolyte. 

In order to increase the charging capabilities of the EESDs, the CE was modified with 

an electron storage layer by screen-printing a transparent film of TiO2 anatase on the flat 

ITO/glass CE (Figure 8.5). In addition, the enhanced surface area of the WE and 

TiO2/ITO/glass CE is expected to balance the non-Faradaic capacitance of two electrodes.51 

Moreover, TiO2 is tolerant to lithium ions;5, 25 therefore, the resulting TiO2/ITO/glass CE 

is expected to demonstrate higher cycling stability.  

According to 3D profilometry (Figure 8.5C), two TiO2 layers sequentially screen-

printed on ITO/glass result in 7 ± 0.5 μm thick coating. The resulting TiO2/ITO/glass CE 

was assembled with the 3M-ECWE using a lithium gel electrolyte to create 3M/TiO2-

EESD (Figure 8.5B). 
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Figure 8.5) Schematic representation of the solid-state electrochromic energy storage devices: (a) 3M-EESD 

(device architecture with plain ITO/glass CE); (b) 3M/TiO2-EESD (device architecture with an ion storage 

layer, TiO2/ITO/glass CE). (c) Raw edge of TiO2 film screen-printed on ITO/glass CE by the sequential 

application of two layers. (d) Cut edge of 7 μm thick screen-printed TiO2 film (red) on the ITO/glass surface 

(blue). 

 
Figure 8.6) Galvanostatic charge−discharge (GCD) curves at different current densities (a) for 3M-EESD 

and (b) for 3M/TiO2-EESD. GCD and absorbance profiles for two continuous cycles at the current density 

of 0.06 mA/cm2 for 3M/TiO2-EESD: (c) absorbance measured at 600 nm, characteristic to the Fe complex 

optical response and (d) absorbance measured at 515 nm, characteristic to the Os complex optical response. 



212 

 

Similarly to 3M-EESD, the color of 3M/TiO2-EESD is bleached upon charging and 

reverts back upon discharging (Figure 8.5 inserts). However, 3M/TiO2-EESD withstands 

charging at much higher current densities than 3M-EESD (Figure 8.6A,B). Simultaneous 

GCD and UV−vis absorbance measurements at the wavelengths of 515 and 600 nm 

confirm that both Os and Fe complexes anchored to the WE of the 3M/TiO2-EESD 

participate in the corresponding electrochromic redox reactions (Figure 8.6C,D). 

Interestingly, 3M-EESD (Figure 8.6A) demonstrates a voltage drop at the beginning of 

the discharge profile, which is especially noticeable at lower currents. This voltage drop is 

in fact the product of the current and resistance, i.e., IR drop that refers to overpotential 

induced by the resistance of the electrolyte and electrode/electrolyte contact resistance. The 

introduction of a semiconducting TiO2 layer is expected to increase the resistance of the 

device and potentially lead to a more prominent IR drop. In contrast, the ability of porous 

TiO2 to store the charge together with a higher surface area of the TiO2 screen-printed layer 

and better TiO2/gel electrolyte contact make the IR drop in 3M/TiO2-EESD less noticeable 

(Figure 8.6A,B). 

In contrast to traditional pseudocapacitors that utilize a single faradaic reaction, the 

charge release in the 3-metallic system performs in steps at different potentials. While 3M 

EESD does not demonstrate pronounced redox steps, the GCD curves of 3M/TiO2-EESD 

have shoulders that might be associated with stepwise charge adsorption and release. We 

expect that this stepwise charge release will result in more efficient devices.  

Comparing the CVs of 3M-EESD and 3M/TiO2-EESD (Figure 8.7A), we see that the 

redox peaks of the device without the ion storage layer are largely overlapped; and this 

device requires cycling from 0 to 3 V to surpass all faradaic processes of the metal 

complexes. In contrast, the introduction of the electron storage layer results in much better 

defined redox peaks, positioned at 1.8 V for Fe, 1.3 V for Os, and 1.0 V for Co complexes 

of the 3M/TiO2-EESD. As a result, the potential window of the device could be optimized 

to become from 0 to 2.3 V. The GCD cycling of 3M-EESD with the simultaneous recording 

of the absorbance at 600 nm at different current densities (0.05−1 mA/cm2) demonstrates 

a promising potential of the EESD bearing the TiO2/ITO/glass CE (SI Figure 8.12). The 

addition of the TiO2 electron storage layer impacted the shape of the GCD curve. Upon 

charging-discharging using currents from 0.06 to 1 mA/cm2, these shapes become more 
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triangular with increased symmetry between charging and discharging cycles, and 

increased reproducibility between cycles, which is likely a result of the improved electronic 

communication between interfaces52 when incorporating the TiO2/ITO/glass CE. 

 
Figure 8.7) Comparative performance testing for 3M-EESD (device architecture with plain ITO/glass CE) 

and 3M/TiO2-EESD (device architecture with an ion storage layer, TiO2/ITO/glass CE). (a) CV 100 mV/s of 

3M-EESD (black) and 3M/TiO2-EESD (red); (b) areal capacitance of 3M-EESD at current densities ranging 

from 0.01 to 0.05 mA/ cm2 shown as an average of 5 cycles; and (c) Ragone plot of 3M-EESD at 0.01 mA/ 

cm2. (d) Capacitance retention plot (durability GCD cycling) for 3M/TiO2-EESD at 0.06 mA/cm2. (e) Areal 

capacitance of 3M/TiO2-EESD at a current density ranging from 0.06 to 1 mA/ cm2 shown as an average of 

5 cycles and (f) Ragone plot of 3M/TiO2-EESD at 0.06 mA/cm2. 

As expected, the introduction of the electron storage layer in 3M/TiO2-EESD results 

not only in higher operational current densities but has a significant impact on the 

capacitance. The original 3M-EESD reaches the capacitance of 0.5 mF/cm2 at 0.01 mA/cm2 

(Figure 8.7B), while 3M/TiO2-EESD demonstrates the maximum value of 5.7 mF/cm2 (2.9 

F/g) at a 0.06 mA/cm2 current. At higher currents, the capacitance of 3M/TiO2-EESD 

declines reaching 1.8 mF/cm2 (0.88 F/g) at 1.0 mA/cm2 (Figure 8.7E). The values of 

energy density and power density calculated as previously reported40, 49 allow us to build 

the Ragone plots (Figure 8.7C,F). The Ragone plots of 3M/TiO2-EESD show that the 

EESD obtains a maximum energy density at 2.1 Wh/kg with a corresponding power density 

of 66 W/kg. 

After the determination of areal capacitances at current densities ranging from 0.06 to 

1 mA/cm2, 3M/TiO2-EESDs were used for long-term GCD durability studies. At the first 
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GCD cycle at 0.06 mA/cm2, the material demonstrates an areal capacitance of 4.4 mF/cm2. 

An early increase in capacitance upon cycling attributed to the improved wetting of the 

electrodes at the solid electrolyte interface22 was observed. After 2500 GCD cycles, the 

capacitance reduces to 4.1 mF/cm2, which is 90% of the starting value; while after 5000 

cycles, the capacitance value is 3.4 mF/cm2 that corresponds to 77% retention (Figure 

8.7D). 

8.5. Conclusions 

Electrochromic energy storage devices (EESDs) were designed using Co(II), Os(II), 

and Fe(II) metal (M) complexes of 4′-(pyridin-4-yl)-2,2′:6′,2″-terpyridine ligand (L) of 

M(L)2 stoichiometry. The complexes were individually or simultaneously deposited on an 

enhanced surface area conductive support prefunctionalized with a 4-

(chloromethyl)phenyltrichlorosilane templating layer. The thermal stabilities of metal 

complexes analyzed through TGA prior to deposition demonstrate that these compounds 

are essentially stable at temperatures up to 230°C, which improves the practicality of the 

complexes for real devices. The covalent binding of the molecules to the conductive 

support made of screen-printed ITO-50 nanoparticles results in working electrodes (WEs). 

Under applied potential, the metal complexes bonded to the WE change their oxidation 

state. These faradaic reactions result in the color change and can be used as an energy 

storage tool. The stretching modes of pyridine ring and metal pyridine stretching observed 

by Raman spectroscopy suggest that the simultaneous deposition of three metal complexes 

(3M) leads to the formation of a monolayer bearing all three complexes on the 3M-ECWE. 

The SEM images of the WE surface before and after 1000 cycles of Galvanostatic 

charge−discharge (GCD) durability test confirms the excellent stability of the surface-

enhanced support of the WE. Electrochemical impedance spectroscopy (EIS) indicates a 

small active charge transfer resistance of the WEs. Moreover, despite Co2+/3+ transitions 

upon GCD are not accompanied with a distinguishable color change, the simultaneous 

implementation of three metal complexes allows the increasing overall Faradaic 

capacitance of the 3M-ECWE. To further explore the applicability of the WEs, they were 

assembled into two-electrode solid-state devices using a lithium gel electrolyte and 

ITO/glass CE. The color changes of WEs associated with redox processes on Fe and Os 

species were tracked by recording UV−vis absorbance at corresponding wavelengths upon 
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GCD cycling. When changing from the three-electrode/liquid electrolyte to the two-

electrode/gel electrolyte cell design, a large decline in capacitance occurred. The 

optimization of the CE was performed to introduce an electron storage layer needed to 

compensate the positive charge that is held on the WE upon metal center oxidation. This 

was achieved by the screen-printing of a layer of TiO2 nanoparticles on ITO/glass CE. The 

resulting 3M/TiO2-EESD demonstrates a significant improvement of the capacitance value 

reaching 4.4 mF/cm2 (2.2 F/g) at a 0.06 mA/cm2 current. While this value is slightly less 

than that observed for carbon- and WO3-based materials, it adds to the proof of the concept 

that hole-storing monolayer electrochromic materials when combined with a proper 

electron storing CE can form a promising EESD. 
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Chapter 9. Summary and Future Directions 

9.1 Conclusions 

In this thesis, I demonstrated that monolayers of late transition metal (M) complexes 

with general formula [M(R-tpy)2]
2+ (where tpy is 2,2’-6’,2”-terpyridine, R -substituent at 

the 4’ position) covalently embedded into extended surface conductive screen-printed 

supports are advantageous systems for effective electrochromic devices (ECDs). The 

structural changes to the [M(tpy)2]
2+ unit and varying the nature of the metal center affected 

the optical efficiencies of the electrochromic materials (ECMs) and the performance of the 

resulting ECDs.  

First, the nature of the linker for the covalent attachment of the molecule to the surface-

enhanced support was explored. In chapter 2, I demonstrated the utilization of a stable 

siloxane linker (when compared to a phosphonic one) lead to a series of more robust ECDs. 

The siloxane-based template layer allowed for the creation of ECDs with better long-term 

performance (>68 h) than the performance of the similar metal complexes embedded into 

supports via phosphonic linker (<48 h). Second, using the siloxane coupling layer enabled 

easy modification of the transition metal complex while keeping identical the method of 

attachment to the surface using N-quaternization of the outer pyridines of the molecule 

onto the chlorobenzylsiloxane layer on the support.  

Interestingly, the molecular orientation of the surface support affected the colour and 

performance of the material. Thus, the formation of a charge dipole across the [Fe(R-

tpy)2]
2+ complex when using 4'-(pyridin-4-yl)-2,2':6',2''-terpyridine ligand (L4) lead to a 

blue coloration on the surface. By contrast, moving the N-atom in the outer pyridine ring 

from the 4’ to 3’ position resulted in a bright purple color of the material. Apparently, the 

3-pyridine unit instead of the 4-pyridine isomer resulted in a different molecular orientation 

of the molecules on the surface (parallel to the surface versus orthogonal) due to the 

formation of a bis-quaternized or a mono-quaternized layer on the support. The extent of 

N-quaternization and molecular orientation on the surface affected the rate of charge 

transfer within the systems and caused significant differences in the observed coloration 

efficiency (η). The bis-quaternized ECDs based on the tpy-based complexes had larger η 

values than the mono-quaternized ECDs, with the best ECD having ∆OD = 30% and η = 

585 cm2/C.  
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For Chapter 3, the thesis explored how changes in the conjugation of the bridges (C-C, 

C=C and C≡C) between the tpy core and the outer pyridine within the iron(II)-tpy-based 

complexes impacted the coloration and the performance of the resulting materials and 

devices. In addition in this chapter, the effect of the conductive support was studied. Two 

factors were studied: available surface area and the nature of the support material using 

indium tin oxide, ITO, versus fluorine-doped tin oxide, FTO. Increasing the surface area 

of the ITO (30.0 m2/g from 10.2 mg2/g) allowed to incorporate more electrochromic 

molecules into the surface-enhanced support, which resulted in a large increase in the 

observed ∆OD. The highest ∆OD (57%) and η (1470 cm2/C) were recorded for the iron(II)-

tpy complex with the C=C bridge on the highest surface area support, compared to only 

∆OD of 16% and η equal to 880 cm2/C for the same complex on the lower surface area 

substrate. Furthermore, FTO surfaces enabled unprecedented ultra-high coloration 

efficiencies of 2524 cm2/C ≤ η ≤ 3656 cm2/C. This effect is related to the better diffusion 

of the organic electrolyte within the relatively hydrophobic FTO surface. Importantly, the 

∆ODs of the FTO-based systems were not as high as the extended surface area ITO-based 

materials. This could be due to the lower surface area of the FTO support (17.6 m2/g). Next, 

long-term performance was explored for the complex with the C≡C bridge on the FTO and 

ITO nanosupports. While the initial performance was higher for ITO-based systems (∆OD 

= 52% versus 33% for the FTO-based material), the retention of the performance was better 

for the FTO-based devices after 6030 cycles. Finally, the future potential of the ECM 

systems for electrochromic energy storage was demonstrated. 

In Chapter 4, I utilized isostructural [M(L4)2]
2+ complexes (where M = Fe, Os and Co) 

to achieve multiple color-to-color transitions within the same surface-confined 

electrochromic monolayer on the ITO support. To do this, bis-coordination adducts of the 

4'-(pyridin-4-yl)-2,2':6',2''-terpyridine ligand with iron(II), osmium(II) and cobalt(II) were 

co-deposited onto the high surface area ITO support (named “ITO-50”) via a 

chlorobenzylsiloxane template form an equimolar mixture of complexes in solution. The 

nature of the metal center impacted the ECM’s color, color intensity, and type of energy 

transition. The immobilization of the individual iron(II), osmium(II) and cobalt(II) 

complex into ITO supports resulted in a blue, maroon-red, and pale orange electrochromic 

layer, respectively. Simultaneous deposition of two or three different metal complexes 
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leads to the creation of various colors on the surface. More importantly, the metal 

complexes had different redox potentials, which allowed for individual color-bleaching of 

the metal centers, and thus, four color-to-color transitions were observed for the following 

redox processes: Co2+Os2+Fe2+ ↔ Co3+Os2+Fe2+ ↔ Co3+Os3+Fe2+ ↔ Co3+Os3+Fe3+. The 

ECMs were also prepared in bimetallic combinations for Fe-Co and Fe-Os. The highest η 

was recorded was for the Fe ECD at 1656 cm2/C, which was followed by Fe-Co ECD at 

1583 cm2/C, 721 cm2/C for the Co-Os-Fe ECD, and 657 cm2/C for the Fe-Os ECD. Despite 

this possibility of multiple color-to-color transitions, it was challenging to control the 

concentration of each metal complex on the surface. Different surface uptake affinity was 

observed for various complexes, which resulted in a preferential immobilization of some 

metal complexes over the others. Thus, simultaneous deposition of an equimolar mixture 

of iron, osmium and cobalt complexes resulted in 13:15:7 ratio on the surface. To get better 

control of the process and ratios between metal complexes (as well as accumulative colours 

of the materials), sequential deposition strategy was applied to introduce the metal 

complexes into the support.  

Sequential deposition of the individual metal complexes started with the complex with 

the lowest surface uptake affinity to the complex with the best uptake affinity (in the order 

of Co-Os-Fe). This deposition technique lead to significantly improved η values for the Fe-

Os ECD at both 515 nm (1102 cm2/C) and 600 nm (901 cm2/C) due to enhanced ionic 

diffusion for the [Os(L4)2]
2+ complex. Moreover, the Co-Os-Fe combination on the surface 

was the best electrochromic system with η = 1315 cm2/C at 600 nm. Individual color 

bleaching of metal centers using differences in oxidation potentials was reported for the bi- 

and trimetallic ECDs. The sequential deposition method leads to improved ECM 

coloration, with distinct color changes readily observable by the naked eye. In this work, I 

additionally explored the relationship between the electrochemical properties of the ECM 

and the optical properties of the ECD, through the electrochemical impedance spectroscopy 

(EIS)-based analysis. It was noted that ECMs with higher resistance (RΣ is internal 

resistance and RS is series resistance) values reported slower ionic diffusion (D) and slower 

coloration and bleaching times (tc and tb, respectively), a key electrochromic characteristic 

measured in the assembled ECD state. This work made clear the value of the EIS data in 

the performance analysis of ECMs. Notably, the EIS technique is not widely applied for 
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the analysis of the ECMs and so our research may facilitate the wider application of the 

techniques for materials characterization. 

Furthermore, the Co-Os ECM combination using L4 ligand was not truly multichromic, 

and thus, this ECM was investigated as a simple ECD with one color-to-color transitions 

within Chapter 6. To validate the operating conditions of the ECD, lights of different 

wavelengths were applied to the Os ECD and Co-Os ECD under colored and bleached 

states. Importantly, it was noticed that despite not being able to observe distinct color 

differences (CD) between the two metal complexes beyond colored and bleaches states in 

ambient light, their combination onto one ECM enhanced the overall CD to maximum 

value (compared to Os ECD). The best CD value was recorded under yellow light (590 

nm) and not white light. This information is important when integrating the ECM into a 

real device that will need some external light application to be visible under poor lighting 

conditions.  

In Chapter 7, the impact of N-quaternization of the monolayer [Fe(L4)2]
2+ complex was 

further explored, which was a concept that was introduced in Chapter 2. In Chapter 7, it 

was observed that additions of alkyl and pyridinic iodic reagents lead to red shifts of the 

metal-to-ligand (MLCT) charge transfer peak (λMLCT) by 10 – 15 nm, observed as a blue-

to-green color change. Furthermore, the addition of a charged species leads to increased 

diffusion and capacitance compared to the foundation ECM by the addition of the 

pyridinic-group as part of N-quaternization, but was slightly declined for alkylated 

systems. The Faradaic capacitance was the highest for this pyridinic-ECM at 13.8 mF/cm2, 

compared to <11 mF/cm2 for the foundation and alkyl ECMs. The correlated diffusion 

coefficients were 3.4×10-8 cm2/s for the pyridyl-ECM, and 1.5×10-8 cm2/s for the 

foundation-ECM and 1.1×10-8 cm2/s for the alkyl-ECMs. It was also demonstrated here 

that incorporation of an ion storage layer within the counter electrode leads to almost full 

retention of key electrochromic properties (∆OD, η) while improving the already 

outstanding durability of the ECD by counter-balancing the charge (96% retention of ∆OD 

after 3300 cycles). 

In Chapter 8, the capability for mixed [M(L4)2]
2+ complexes to be incorporated into a 

working EESD was explored. By using mixed metal complexes on the surface, the target 

was to create a device that had multiple accessible colored states and multiple stepwise 
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charge transfer processes to have a stable device able to slow discharge cycles and reveal 

the charged state depending on the colour of the device. To determine the viability of the 

trimetallic EESD-device design, the monometallic EESDs were explored to understand the 

Faradaic capacitance capabilities of the individual complexes. It was observed that the 

[Fe(L4)2]
2+ had the highest capacitance, then the [Co(L4)2]

2+, followed by the [Os(L4)2]
2+. 

Interestingly, utilization of the [Co(L4)2]
2+ together with other metal complexes leads to 

improved discharging times, which is a key property for energy storage. Moreover, the 

combination of all three complexes leads to decreased internal resistance and higher 

cumulative Faradaic capacitances compared to the monometallic systems. Importantly, it 

was possible to measure the change in absorbance with charging and discharging of the 

EESD, a key feature of a material that is capable of simultaneous energy storage with 

electrochromism. Furthermore, this work used a systematic approach to create the EESD. 

This work confirmed the necessity for the ion storage layer to counter balance the charge 

on the CE to get desirable discharging times. It was possible to record the same magnitude 

of capacitance for the three-electrode cell design and two-electrode cell design with the 

incorporation of the TiO2 ion storage layer, which was an improvement by a full order of 

magnitude compared to the EESD without an ion storage layer. The best capacitance 

reported for the EESD with the ion storage layer was 5.7 mF/cm2 (2.9 F/g).  

The work in this thesis successfully demonstrated the capability of using 

electrochromic monolayers of metal-tpy-based complexes for ECDs and other 

applications, such as the design of hybrid EESDs to store and release energy. It would be 

interesting in the future to incorporate highly capacitive materials into the device 

architecture like carbon base materials, silver nanowires, etc. to design an EESD with 

multiple color-to-color transitions that are also capable of ideal capacitive properties (high 

capacitance, long-term durability). 
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A2. Chapter 2 Supporting Information 

2.1 Synthetic Procedures 

2.1.1 Synthesis of 4’ Substituted 2,2’:6’,2”-Terpyridine Ligands 

The ligands 4'-(pyridin-4-yl)-2,2':6',2''-terpyridine (L1),1 4'-(pyridin-3-yl)-2,2':6',2''-

terpyridine (L2),2 and 4'-(4-(pyridin-4-yl)phenyl)-2,2':6',2''-terpyridine (L4)3 were 

synthesized according to corresponding literature procedures. 

 
Supporting Information Scheme 2.1) Synthesis of ligands L1-L3. 

4-([2,2':6',2''-terpyridin]-4'-yl)quinoline (L3): 4-([2,2':6',2''-terpyridin]-4'- yl)quinoline 

was synthesized according to Constables’ procedure adapted to suite the desired product.1 

Quinoline-4-carboxaldehyde (788 mg, 5 mmol) was dissolved in 10 mL of ethanol. 2-

Acetylpyridine (1.12 mL, 10 mmol) was added to the mixture, followed by sodium 

hydroxide (528 mg, 13 mmol), and then water (3 mL). The solution turned from colourless 

to yellow to orange with the addition of sodium hydroxide. The mixture was stirred for 30 

min before a slow addition of ammonia (15 mL), and was left overnight to precipitate. The 

orange precipitate was filtered and washed with cold ethanol to obtain the beige product 

(Yield: 78%). 

 
Supporting Information Figure 2.1) L3 

1H-NMR (400 MHz, DMSO) δ 8.98 (d, J = 4.4 Hz, 1H), 8.67 (dd, J = 8.1, 0.9 Hz, 2H), 

8.65 (dd, J = 4.4, 1.5 Hz, 2H), 8.50 (s, J = 0.9 Hz, 2H), 8.12 (d, J = 8.4 Hz, 1H), 8.00 (td, J 

= 7.8, 1.8 Hz, 2H), 7.87 (d, J = 8.4 Hz, 1H), 7.79 (dd, J = 7.0, 1.2 Hz, 1H), 7.61 (d, J = 4.4 

Hz, 1H), 7.58 (dd, J = 8.3, 1.2 Hz, 1H), 7.46 (ddd, J = 7.4, 4.7, 1.1 Hz, 2H). 13C-NMR (101 

MHz, DMSO) δ 155.26, 154.40, 150.17, 149.24, 147.90, 147.14, 144.75, 137.39, 129.64, 

129.58, 127.42, 124.85, 124.59, 124.55, 121.14, 120.85, 120.76. FT-IR: ν/cm-1 3379b (N 

heterocyclic), 3036w (C-H aromatic), 2096b (C-H aromatic), 1666s (C=C-C), 1562s (C=C-

C), 1460s (C=C-C), 1392s (C-N), 774s (C-H aromatic), 597s (C-H aromatic). 
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2.1.2 Quaternization of 2,2’:6’,2”-Terpyridine Ligands 

1''-methyl-6'-(pyridin-2-yl)-[2,2':4',4''-terpyridin]-1''-ium iodide ([L1-CH3]I) and 1''-

methyl-6'-(pyridin-2-yl)-[2,2':4',3''-terpyridin]-1''-ium iodide ([L2-CH3]I) were synthesized 

according to literature procedure,4 and they were additionally washed with ether before 

final use. 

 
Supporting Information Scheme 2.2) General reaction for quaternization of Tpy ligands. 

4-([2,2':6',2''-terpyridin]-4'-yl)-1-methylquinolin-1-ium iodide ((L3-CH3)I) and 4-(4-

([2,2':6',2''-terpyridin]-4'-yl)phenyl)-1-methylpyridin-1-ium iodide ((L4-CH3)I) were 

synthesized according to the following procedure. The corresponding ligand was added to 

an excess of methyl iodide (5 equivalents) in an inert atmosphere in anhydrous acetonitrile. 

The reaction was heated with stirring at 40oC for 24 h. The filtrate’s solvent was removed 

using reduced pressure, and then the remaining precipitate was washed with ether until the 

runoff was colourless. (L3-CH3)I was dark brown in colour (yield: 71.7%), and (L4-CH3)I 

was tan in color (yield: 59.6%). 

 
Supporting Information Figure 2.2) (L3-CH3)I 

4-([2,2':6',2''-terpyridin]-4'-yl)-1-methylquinolin-1-ium iodide (L3-CH3)I: 
1H-NMR (400 

MHz, DMSO) δ 9.65 (d, J = 6.6 Hz, 1H), 8.77 (dt, J = 8.0, 1.0 Hz, 2H), 8.74 – 8.70 (m, 

3H), 8.64 (s, 2H), 8.40 (d, J = 6.0 Hz, 1H), 8.10 (dd, J = 7.6, 1.8 Hz, 1H), 8.09 – 8.03 (m, 

J = 9.5, 4.3, 2.4 Hz, 3H), 7.70 (d, J = 4.4 Hz, 1H), 7.57 (ddd, J = 4.9, 4.2, 1.0 Hz, 2H), 7.53 

(ddd, J = 5.9, 4.3, 1.1 Hz, 2H), 4.74 (s, 3H). 13C-NMR (101 MHz, DMSO) δ 156.08, 154.66, 

150.98, 149.93, 145.39, 142.11, 140.75, 138.18, 138.03, 131.14, 130.34, 130.28, 125.46, 

125.19, 121.62, 121.49, 121.39, 45.97. FT-IR: ν/cm-1 3369b (N heterocyclic), 3051w (C-

H aromatic), 2965w (CH3), 2110b (C-H aromatic), 1688s (C=C-C), 1564vs (C=C-C), 
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1476s (C=C-C), 1374vs (C-N), 768vs (C-H aromatic), 673s (C-H aromatic), 628s (C-H 

aromatic). 

 
Supporting Information Figure 2.3) (L4-CH3)I 

4-(4-([2,2':6',2''-terpyridin]-4'-yl)phenyl)-1-methylpyridin-1-ium iodide (L4-CH3)I: 
1H-

NMR (400 MHz, DMSO) δ 9.07 (d, J = 6.8 Hz, 2H), 8.81 (s, 2H), 8.79 (ddd, J = 4.8, 1.7, 

0.9 Hz, 2H), 8.71 (d, J = 7.9 Hz, 2H), 8.62 (d, J = 7.0 Hz, 2H), 8.30 (d, J = 8.6 Hz, 2H), 

8.22 (d, J = 8.6 Hz, 2H), 8.07 (dd, J = 7.7, 1.8 Hz, 2H), 7.57 (ddd, J = 7.5, 4.8, 1.1 Hz, 2H), 

4.38 (d, J = 3.0 Hz, 3H). 13C-NMR (101 MHz, DMSO) δ 155.90, 154.78, 153.41, 149.38, 

148.21, 145.70, 140.82, 137.57, 134.32, 129.05, 128.23, 124.69, 124.23, 121.04, 118.13, 

47.16. FT-IR: ν/cm-1 3375b (N heterocyclic), 3047w (C-H aromatic), 1579s (C=C-C), 

1472s (C=C-C), 1388s (CH3), 1274w (C-N), 1113w (C-H aromatic), 987w (C-H 

aromatic), 893w (C-H aromatic), 850w (C-H aromatic), 787vs (C-H aromatic), 730s (C-H 

aromatic), 677s (C-H aromatic), 613s (C-H aromatic). 

2.1.3 Formation of Iron Complex 

The desired ligand was dissolved in acetonitrile, and a half molar amount of iron(II) 

was added using Fe(BF4)2*6H2O salts. A purple colour was immediately observed upon 

iron addition. The complex was briefly stirred, and then the solvent was removed under 

reduced pressure. The iron(II) complexes for 4'-(pyridin-3-yl)-2,2':6',2''-terpyridine (L1),5 

4'-(pyridin-3-yl)-2,2':6',2''-terpyridine (L2),2 and 1''-methyl-6'-(pyridin-2-yl)-[2,2':4',4''-

terpyridin]-1''-ium iodide ((L1-CH3)I)
5 were obtained according to literature reports. 

 
Supporting Information Figure 2.4) (Fe(II)-(L3)2)(BF4)2 

 [Fe(4-([2,2':6',2''-terpyridin]-4'-yl)quinoline)2](BF4)2 (Fe(II)-L3)2)(BF4)2: HRMS 

(ESI/Q-TOF) m/z: [M+]2+ Calc for C48H32FeN8 388.10442; Found 388.10402. 1H-NMR 
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(400 MHz, DMSO) δ 9.58 (s, 4H), 9.32 (d, J = 3.7 Hz, 2H), 8.95 (d, J = 7.3 Hz, 4H), 8.63 

(d, J = 8.5 Hz, 2H), 8.34 (d, J = 8.6 Hz, 2H), 8.10 (d, J = 2.5 Hz, 2H), 8.03 (t, J = 7.5 Hz, 

6H), 7.89 (t, J = 7.6 Hz, 2H), 7.46 (d, J = 5.0 Hz, 4H), 7.28 (t, J = 5.5 Hz, 4H). 13C-NMR 

(101 MHz, DMSO) δ 160.21, 158.07, 153.60, 150.82, 148.74, 147.52, 144.61, 139.38, 

130.77, 128.30, 128.20, 127.77, 126.74, 125.74, 125.15, 124.68, 122.93. FT-IR: ν/cm-1 

3383b (N heterocyclic), 3055w (C-H aromatic), 2094w (C-H aromatic), 1582vs (C=C-C), 

1392s (C-N), 1027vs (C-H aromatic), 758vs (C-H aromatic). 

 
Supporting Information Figure 2.5) (Fe(II)-(L4)2)(BF4)2 

 [Fe(4'-(4-(pyridin-4-yl)phenyl)-2,2':6',2''-terpyridine)2](BF4)2 (Fe(II)-(L4)2)(BF4)2: 

HRMS (ESI/Q-TOF) m/z: [M+]2+ Calc for C52H36FeN8
2+ 414.12007; Found 414.12052. 

1H-NMR (400 MHz, DMSO) δ 9.78 (s, 4H), 9.12 (d, J = 7.6 Hz, 4H), 8.78 (d, J = 8.9 Hz, 

4H), 8.75 (d, J = 8.3 Hz, 4H), 8.32 (d, J = 8.1 Hz, 4H), 8.08 (d, J = 7.6 Hz, 4H), 8.01 (d, J 

= 4.1 Hz, 4H), 7.32 (d, J = 4.8 Hz, 4H), 7.23 (d, J = 6.1 Hz, 4H). 13C-NMR (101 MHz, 

DMSO) δ 159.81, 157.65, 152.62, 148.50, 147.75, 138.60, 138.10, 137.50, 136.93, 128.47, 

127.86, 127.44, 124.00, 121.76, 120.86. FT-IR: ν/cm-1 3263b (N heterocyclic), 3087w (C-

H aromatic), 1598s (C=C-C), 1431s (C-N), 1282w (C-N), 1233w (C-H aromatic), 1023vs 

(C-H aromatic), 785vs (C-H aromatic), 644w (C-H aromatic). 

 
Supporting Information Figure 2.6) ((Fe(II)-L2-CH3)2I2)(BF4)2 

[Fe(1''-methyl-6'-(pyridin-2-yl)-[2,2':4',3''-terpyridin]-1''-ium iodide)2](BF4)2 ((Fe(II)-L2-

CH3)2I2)(BF4)2: HRMS (ESI/Q-TOF) m/z: [M+]4+ Calc for C42H34FeN8 176.55585; Found 

176.55507. 1H-NMR (400 MHz, DMSO) δ 10.21 (s, 2H), 9.89 (s, 4H), 9.63 (d, J = 8.6 Hz, 

2H), 9.31 (d, J = 6.0 Hz, 2H), 8.98 (d, J = 7.9 Hz, 4H), 8.62 (dd, J = 8.3, 6.2 Hz, 2H), 8.11 

(td, J = 7.9, 1.4 Hz, 4H), 7.27 (d, J = 5.5 Hz, 4H), 7.22 (t, J = 6.5 Hz, 4H), 4.64 (s, 6H). 

13C-NMR (101 MHz, DMSO) δ 160.77, 157.80, 153.32, 147.04, 145.12, 143.38, 142.50, 

141.16, 139.66, 135.94, 128.69, 124.74, 122.04, 49.19. FT-IR: ν/cm-1 3414b (N 



245 

 

heterocyclic), 3048w (C-H aromatic), 2088b (C-H aromatic), 1607s (C=C-C), 1525s (C=C-

C), 1409s (-CH3 bend), 1049vs (C-H aromatic), 781s (C-H aromatic). 

 
Supporting Information Figure 2.7) ((Fe(II)-(L3-CH3)2I2)(BF4)2 

[Fe(4-([2,2':6',2''-terpyridin]-4'-yl)-1-methylquinolin-1-ium iodide)2](BF4)2 ((Fe(II)-(L3-

CH3)2I2)(BF4)2: HRMS (ESI/Q-TOF) m/z: [M+]4+ Calc for C50H38FeN8 201.56367; Found 

201.56396. 1H-NMR (400 MHz, DMSO) δ 9.65 (s, 2H), 9.58 (d, J = 8.8 Hz, 2H), 9.06 (d, 

J = 7.5 Hz, 2H), 8.96 (s, 4H), 8.82 (d, J = 7.7 Hz, 2H), 8.61 – 8.51 (m, 2H), 8.41 – 8.24 

(m, 2H), 8.17 – 8.07 (m, 4H), 8.08 – 7.98 (m, 4H), 7.67 – 7.43 (m, 4H), 7.43 – 7.24 (m, 

4H), 4.90 (s, 6H). 13C-NMR (101 MHz, DMSO) δ 160.02, 159.76, 159.57, 157.42, 157.11, 

153.08, 150.14, 148.10, 143.61, 138.72, 135.70, 130.75, 127.76, 126.77, 124.36, 123.04, 

122.28, 45.96. FT-IR: ν/cm-1 3420b (N heterocyclic), 3084w (C-H aromatic), 2102b (C-H 

aromatic), 1615s (C=C-C), 1513s (C=C-C), 1403s (CH3), 1024vs (C-H aromatic), 752vs 

(C-H aromatic). 

 
Supporting Information Figure 2.8) ((Fe(II)-(L4-CH3)2I2)(BF4)2 

[Fe(4-(4-([2,2':6',2''-terpyridin]-4'-yl)phenyl)-1-methylpyridin-1-ium iodide)2](BF4)2 

((Fe(II)-(L4-CH3)2I2)(BF4)2: HRMS (ESI/Q-TOF) m/z: [M+]4+ Calc for C54H42FeN8 

214.57150; Found 214.57043. 1H-NMR (400 MHz, DMSO) δ 9.81 (s, 4H), 9.14 (d, J = 6.3 

Hz, 4H), 8.84 (t, J = 7.2 Hz, 4H), 8.79 (d, J = 6.8 Hz, 4H), 8.57 (d, J = 8.4 Hz, 4H), 8.32 

(q, J = 8.3 Hz, 4H), 8.08 (t, J = 7.5 Hz, 4H), 7.32 (d, J = 5.3 Hz, 4H), 7.22 (t, J = 6.5 Hz, 

4H), 4.42 (s, 6H). 13C-NMR (101 MHz, DMSO) δ 159.70, 157.41, 152.59, 146.97, 145.40, 

138.72, 138.48, 134.74, 129.79, 128.69, 128.54, 128.12, 127.31, 123.96, 120.86, 47.22. 

FT-IR: ν/cm-1 3377b (N heterocyclic), 3046w (C-H aromatic), 1641s (C=C-C), 1605s 

(C=C-C), 1499s (C=C-C), 1401s (CH3), 1280w (C-N), 1027vs (C-H aromatic), 789vs (C-

H aromatic). 
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2.2 Functionalization of Solid Supports 

The solid substrates were functionalized in the glove box according to an adapted 

literature procedure.6  

 
Supporting Information Scheme 2.3) Formation of chlorobenzylsilane template layer on solid support. 

In an N2 atmosphere (glove box), substrates were submerged into a solution of trichloro(4-

(chloromethyl)phenyl)silane with dry hexane (1:200 V/V) for 20 min. Materials were 

washed 3x with anhydrous hexane then anhydrous acetonitrile, and sonicated 1x for 10 min 

per solvent. After the last wash, substrates were dried under a stream of N2 and remained 

in the inert atmosphere for future use. 

 
Supporting Information Scheme 2.4) Functionalization of iron(II)-bisTpy complexes onto silane template 

layer. 

Iron(II)-bisTpy complexes (0.2mM) were premade in dry acetonitrile using the desired 

ligand. In an N2 atmosphere, substrates were submerged into a solution of the desired 

iron(II)-bisTpy complex and sealed in a pressure tube. Materials were heated for 96 h at 

95oC without light. After cooling down, materials were washed 3x with dry hexane then 

dry acetonitrile, and sonicated 1x for 5 min per solvent.7 The prolonged reaction time did 

not increase optical absorption, which indicated the completeness of the EC layer 

formation. 
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2.3 UV-Vis Spectrometry of Complexes in Solution 

Each ligand was quaternized by adjoining a methyl group to the terminating nitrogen 

atom (see above) to observe how methylation impacts the physical properties of the 

complexes. All of the initial and methylated ligands form intensely colored complexes with 

iron(II) due to the MLCT. The UV-vis spectra are given at Supporting Information Figure 

2.9 - Supporting Information Figure 2.10. For each bis-quaternized complex, the MLCT 

peak is slightly red shifted (5-9 nm) from its position before quaternization. 

 
Supporting Information Figure 2.9) UV-vis spectra of complexes 1-4 in acetonitrile. 

 
Supporting Information Figure 2.10) UV-Vis spectra of bis-N-methylated complexes 1-4 in acetonitrile. 

2.4 Results of Electrochemical and Spectroeletrochemical Methods 

 
Supporting Information Figure 2.11) ECMs produced by depositing complex 1 on ITO-SPFs with the 

thickness of (a) 2 μm, (b) 6 μm. 

 
Supporting Information Figure 2.12) Cyclic voltammogram measured at different sweep rates for the 

complex 1 deposited on ITO-SPFs of the following thickness (a) 2±0.1 μm, (b) 3±0.2 μm, and (c) 6±0.5 μm. 

See Supporting Information Figure 2.23A for complex 1 deposited on 4±0.2 μm - thick ITO-SPF (aka ECM 

1). 

0.50.0 1.0

-1500

-500

500

1500

-1000

0

1000

ITO-SPF thickness 2±0.1 mm

J
 (

m
A

/c
m

2
)

Potential (V vs. Fc/Fc+)

 1600 mV/s  1400 mV/s  1200 mV/s

 1000 mV/s  800 mV/s  400 mV/s 

 200 mV/s   100 mV/s  50 mV/s 

 20 mV/s  10 mV/s

A)

0.5 1.50.0 1.0

-1000

1000

-2000

0

2000

J
 (

m
A

/c
m

2
)

Potential (V vs. Fc/Fc+)

ITO-SPF thickness 3±0.2 mm

 1600 mV/s  1400 mV/s  1200 mV/s

 1000 mV/s  800 mV/s  400 mV/s 

 200 mV/s   100 mV/s  50 mV/s 

 20 mV/s  10 mV/s

B)

0.50.0 1.0

-2500

2500

-5000

0

5000

J
 (

m
A

/c
m

2
)

Potential (V vs. Fc/Fc+)

ITO-SPF thickness 6±0.5 mm

 1600 mV/s  1400 mV/s  1200 mV/s

 1000 mV/s  800 mV/s  400 mV/s 

 200 mV/s   100 mV/s  50 mV/s 

 20 mV/s  10 mV/s

B)

 



248 

 

 
Supporting Information Figure 2.13) Plots used to determine kET for ECMs prepared by depositing complex 

1 on ITOSPFs of the following thickness: (a) 2±0.1 μm, (b) 3±0.2 μm, and (c) 6±0.5 μm. See Supporting 

Information Figure 2.24A for complex 1 deposited on 4±0.2 μm thick ITO-SPF (aka ECM 1). 

 
Supporting Information Figure 2.14) The maximum current density vs. sweep rate for ECMs prepared by 

depositing complex 1 on ITO-SPFs of the following thickness: (a) 2±0.1 μm, (b) 3±0.2 μm, and (c) 6±0.5 

μm. See Supporting Information Figure 2.14A for complex 1 deposited on 4±0.2 μm thick ITO-SPF (aka 

ECM 1). 

 
Supporting Information Figure 2.15) The maximum current density vs. the square root of the sweep rate for 

ECMs prepared by depositing complex 1 on ITO-SPFs of the following thickness: (a) 2±0.1 μm, (b) 3±0.2 

μm, and (c) 6±0.5 μm. See Supporting Information Figure 2.15A for complex 1 deposited on 4±0.2 μm thick 

ITO-SPF (aka ECM 1). 

 
Supporting Information Figure 2.16) The results of chronoamperometry. The absolute value of the slope 

gives kET, s-1 for complex 1 deposited on ITO-SPFs of the following thickness: (a) 2±0.1 μm, (b) 3±0.2 μm, 

and (c) 6±0.5 μm. See Supporting Information Figure 2.16A for ECM 1. 
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Supporting Information Table 2.1) Calculated values for electron transfer rate constants of complex 1 

deposited on ITO-SPF support using the Laviron method for 3-electrode cell and Chronoamperometry for 

solid-state device. 

Thickness of ITO-

SPF support, μm 

α kET, s-1 from 3-electrode 

cell measurements 

kET, s-1 from solid-state 

device 

2 0.52 3.7 4.0 

3 0.49 2.9 4.3 

4 0.48 4.7 4.3 

6 0.50 4.4 4.3 

 

 
Supporting Information Figure 2.17) Photograph of 4 μm ITO-SPF and complexes 1-4 deposited on this 

support using chlorobenzylsiloxane templating layer to give ECMs 1-4. 

 
Supporting Information Figure 2.18) Cyclic voltammograms of (a) complex [Fe-(L1)2], (b) complex [Fe-

(L2)2], (c) complex [Fe-(L3)2], and (d) complex [Fe-(L4)2] in (0.1 mM) solution at 50 mV/s. 

 
Supporting Information Figure 2.19) Durability of ECMs at 50s/cycle. (a) ECM 1, (b) ECM 2, (c) ECM 3, 

(d) ECM 4. 

 
Supporting Information Figure 2.20) The maximum current density vs. sweep rate for (a) ECM 1, (b) ECM 

2, (c) ECM 3, and (d) ECM 4. 
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Supporting Information Figure 2.21) The maximum current density vs. the square root of the sweep rate for 

(a) ECM 1, (b) ECM 2, (c) ECM 3, and (d) ECM 4. 

 
Supporting Information Figure 2.22) Cyclic voltammograms measured at different sweep rates (200 mV/s– 

1mV/s) for (a) ECM 1, (b) ECM 2, (c) ECM 3, and (d) ECM 4. 

The data from Figure S14 was used for the further calculation of surface packing. In 

more detail, the surface packing (Г) was estimated from the slope of the line of current (ip) 

with sweep rate (ν) according to Supporting Information Equation 2.18 to give 0.296, 0.147, 

0.054, and 0.235 electrochemically assessable molecules/nm2 for ECMs 1-4, respectively, 

which is consistent with the formation of monolayers. 

Supporting Information Equation 2.1)  𝑖p =
𝑛2F2

4RT
νASURΓ 

 
Supporting Information Figure 2.23) Cyclic voltammograms measured at different sweep rates (1600 mV/s 

– 10 mV/s) for (a) ECM 1, (b) ECM 2, (c) ECM 3, and (d) ECM 4. Large range in speeds were required to 

construct the Laviron plots. 

 
Supporting Information Figure 2.24) Plots used to determine kET using the Laviron method for (a) ECM 1, 

(b) ECM 2, (c) ECM 3, and (d) ECM 4. 
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The Laviron method was used to calculate kET for 3-electrode cell assembly. Using a 

plot of peak potentials vs. the logarithm of the sweep rate (ν), the slopes for the cathodic 

(sc) and anodic (sa) linear regions at higher speeds were determined (Supporting 

Information Figure 2.24). 

To determine kET of solid state device, the transfer coefficients (α) were first calculated 

from the slopes using Supporting Information Equation 2.2. 

Supporting Information Equation 2.2)  α =
sa

(sa−sc)
 

The points at which the linear regression lines intersect the redox potential (E0’) were used 

to calculate the cathodic and anodic sweep rates (νc and νa respectively), and then 

Supporting Information Equation 2.3 was applied to determine kET.8-9 kET is reported as the 

average of the anodic and cathodic kinetic constant (original data tabulated in main text). 

Supporting Information Equation 2.3)  𝑘ET =
α𝑛Fνc

RT
=

(1−α)𝑛Fνa

RT
 

 
Supporting Information Figure 2.25) The results of chronoamperometry: (a) ECM 1, (b) ECM 2, (c) ECM 3, 

and (d) ECM 4. The absolute values of the slope give corresponding kET, s-1. 

Chronoamperometry was used to verify the calculated kET values in which the slope for the 

plot of natural logarithm versus time gives kET (Supporting Information Figure 2.25),9 and 

the values were all comparable to those calculated with the Laviron method. 

 
Supporting Information Figure 2.26) Representative semicontact AFM image of a) complexes 1 and b) 

complex 2 formed on silicon substrates. A scan area of 2.5 μm x 2.5 μm is shown with a roughness, Rrms, 

of 0.13 and 0.16 nm, respectively. 
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Supporting Information Figure 2.27) a) Potential vs. time profile and b) current density vs. time profile, for 

the ECMs 1-4. 

Supporting Information Table 2.2) Response time when run 60 s per cycle. Response time is given as the 

time the system takes to reach 95% of the maximum (colored) or minimum (bleached) absorbance. 

ECM tcolored (s) tbleached (s) 

1 0.50 ± 0.04 0.65 ± 0.09 

2 0.48 ± 0.06 0.83 ± 0.05 

3 0.75 ± 0.07 0.81 ± 0.08 

4 0.63 ± 0.06 0.64 ± 0.06 
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Supporting Information Figure 2.28) Solid state device assembled using complex 1 deposited on 2±0.1 μm 

thick ITO-SPF support: a) Chronoabsorptometric stability upon continuous ON-OFF switching during 68 

and XPS spectra showing Fe 2p region b) before and c) after cycling. The increase of relative intensity 

(counts/s) at 713 eV after cycling may be associated with the formation of Fe (III) complex that (due to 

degradation of the electrolyte) becomes not electrochemically accessible and thus leading to decrease of the 

color difference. 

 
Supporting Information Figure 2.29) ECM 1 assembled into solid-state device a) as assembled, b) top view 

after 46 h of continuous switching, c) bottom view after 46 h of continuous switching, c) after dismantling 

the device with the counter-electrode ITO plate removed from ECM 1, and E) after dismantling the device 

with counter-electrode ITO plate covering the ITO-SPF. 

 
Supporting Information Figure 2.30) Thermogravimetric analysis of (a) Complex 1, (b) Complex 2, (c) 

Complex 3, and (d) Complex 4. 
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Supporting Information Figure 2.31) SE micrograph and EDS mapping of ECM 1. 

Supporting Information Table 2.3) The ability ECMs assembled in solid-state devices to retain bleached state. 

Time (s) ECM 1 ECM 2 ECM 3 ECM 4 

hold bleached color 10.1 ± 0.8 14.7 ± 7.5 5.6 ± 3.0 13.7 ± 2.5 

half absorbance 31.9 ± 5.2 26.8 ± 14.3 23.5 ± 12.3 33.7 ± 6.6 

full absorbance 84.4 ± 14.9 56.8 ± 20.0 34.8 ± 2.7 75.4 ± 11.7 

 

2.5 Results of Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) was run to assess the electrical 

components present in the ECMs 1-4. To perform this analysis, EIS measurements were 

taken at multiple voltage biases. One measurement is taken at the half wave potential E1/2 

of the material related to Fe(II)/Fe(III) redox process as well as one before and one after 

the iron redox peak potential (where there is presumably no redox activity) in order to 

determine the double layer capacitance from which the pseudocapacitance can be obtained. 

The equivalent circuit was built similar way as reported by Vergaz et al.10 to enable easier 

comparison of the materials. 
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Supporting Information Figure 2.32) (a) the Nyquist plots (imaginary impedance (Z’’) vs. real 

impedance(Z’)), (b) the capacitance plots at various potentials where 0.841 V is the half wave potential, (c) 

a comparison of the experimental results to the equivalent circuit at the half wave potential (d) the equivalent 

circuit used. 

 
Supporting Information Figure 2.33) The EIS spectra for the ECM 2 (a) the Nyquist plots, (b) the capacitance 

plots at various potentials where 0.817 V is the half wave potential, (c) a comparison of the experimental 

results to the equivalent circuit at the half wave potential (d) the equivalent circuit used. 

 
Supporting Information Figure 2.34) The EIS spectra for the ECM 3 (a) the Nyquist plots, (b) the capacitance 

plots at various potentials where 0.793 V is the half wave potential, (c) a comparison of the experimental 

results to the equivalent circuit at the half wave potential (d) the equivalent circuit used. 
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Supporting Information Figure 2.35) The EIS spectra for ECM 4 (a) the Nyquist plots and (b) the capacitance 

plots at various potentials where 0.716 V is the half wave potential, (c) a comparison of the experimental 

results to the equivalent circuit (pictured above) at the half wave potential (d) the equivalent circuit used. 

Note: ECM 4 has the same fit both with and without the Warburg element (Wo). 

Supporting Information Table 2.4) A summary of the charge transfer resistances and pseudocapacitances for 

ECM 1-4. Note: the charge transfer resistance values were taken from the equivalent circuit fitting. 

ECM Charge transfer resistance (Ω) at E1/2 Pseudocapacitance (mF/cm2) 

1 210 6.19 

2 311 9.92 

3 293 1.27 

4 231 2.76 

The resistance of charge transfer for many systems is an indication of the speed at 

which electrons can be transferred because a resistive component can be a significant 

hindrance in this process. The charge transfer resistance is inversely proportional to the 

kinetic rate constant of electron transfer.8 The charge transfer resistance values above are 

significantly lower (i.e. indicating faster electron transfer) than that of a viologen 

electrochromic system reported by Vergaz et al.10 away from the half wave potential but 

are comparable to their values at their respective half wave potential. However, these 

values are approximately one magnitude higher than that of Prussian blue films.11 

 
Supporting Information Figure 2.36) The capacitance as a function of real impedance plots at the half wave 

potential for each of the ECMs. 

For porous electrodes, it is often useful to consider how the series capacitance (-1/ωZ”) 

varies as a function Z’ in order to examine ion and electron transport within the film.12 



257 

 

Furthermore, when data is collected at different DC bias potentials, one can separate the 

pseudocapacitance (Cp) and double layer capacitance (Cdl) contributions where Cp is the 

pseudocapacitance, Cdl is the capacitance at the double layer and Ctot is the total 

capacitance.13 

Supporting Information Equation 2.4)  𝐶𝑝 = 𝐶𝑡𝑜𝑡 − 𝐶𝑑𝑙 

Values were taken from the capacitance (-1/ωZ”) versus real impedance (Z’) plots above. 

The pseudocapacitance is related to the systems ability store electrochemical charge. The 

ECMs shown here demonstrate comparable pseudocapacitive values to those from the 

Prussian blue system despite having larger resistance of charge transfer values.11 

Furthermore, in comparison to a porous WO3 system,14 the above ECMs have larger 

pseudocapacitance particularly for ECM 1 and 2, however the charge transfer resistance in 

this system is significantly larger. 

The slope of the initial increase in capacitance in the capacitance vs real impedance 

plot (Supporting Information Figure 2.36) is also an indication of the speed of ion and 

electron transport within the film. The steeper the slope, the more rapidly the charge is 

being transferred.15 From Supporting Information Figure 2.36 it appears as though each of 

the systems investigated demonstrate similar electron mobility. This indicates that the 

charge transfer is not inhibited in any of the systems. 

The colour difference, ∆E was calculated as differences in all three colour coordinates 

of EC material at two states. Supporting Information Equation 2.5: 

Supporting Information Equation 2.5)  ∆𝐸√(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2 

The coloration efficiency, η was defined as the relationship between the change of optical 

density (∆OD) or absorbance change (∆A) of the film between its colored (Ac) and 

bleached (Ab) states at a certain wavelength λ, vs. corresponding charge density (Qd), 

Supporting Information Equation 2.6: 

Supporting Information Equation 2.6)  𝜂 =
ΔOD

𝑄𝑑
=

log(𝑇𝑏/𝑇𝑐)

𝑄𝑑
=

Δ𝐴

𝑄𝑑
 

To define the coloration efficiency in the range where the device is operating in it’s linear 

region for both change of optical density and charge density, two sets of graphs (ΔOD vs. 

Qd and η vs. Qd) were plotted (Supporting Information Figure 2.37). 
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Supporting Information Figure 2.37) Optical density as a function of charge density (a) ECM 1, (b) ECM 2, 

(c) ECM 3, and (d) ECM 4. Coloration efficiency as a function of charge density (e) ECM 1, (f) ECM 2, (g) 

ECM 3, (h) ECM 4. 

 
Supporting Information Figure 2.38) Natural charge distribution over the pyridine units of [Fe-(L1)2-CH3]3+. 

Two views are given for clarity. 
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Supporting Information Figure 2.39) Natural charge distribution over the pyridine units of [Fe-(L1)2]2+. and 

[Fe-(L1- CH3)2]4+. The charges are shown only for the upper half, being identical for the lower one. 

The results of the optimization have been omitted, but are given within the supporting 

information of the manuscript at ACS Appl. Mater. Interfaces 2018, 10, 35334-35343. 
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A3. Chapter 3 Supporting Information 

3.1 Materials Preparation Procedures 

3.1.1 Synthesis of FTO NPs 

WARNING: HF can be fatal upon contact. A face shield, rubber gloves, and rubber 

apron were worn in addition to the standard laboratory safety gear. A contact of HF-

containing mixtures with any glass or metal parts should be avoided.  

SnCl2∙2H2O, 5.05 g (22.4 mmol) and 0.33 mL of 48% HF solution (9.11 mmol) were 

added to 100 mL H2O. A mixed solution of 5.0 mL acetylacetone (49 mmol) in 14 mL of 

methanol was added to the SnCl2∙2H2O and HF solution dropwise over 45 minutes using 

rapid stirring. 50% NH4OH(aq) was added dropwise until gel formation occurred. The 

dropping rate was monitored until pH 9.5, and the resulting milky white gel solution was 

stirred overnight. The solution was filtered and washed several times with cold H2O to 

remove all Cl- ions, monitoring Cl- ion contamination using 0.1 M AgNO3(aq). The product 

was dried in an oven at 100°C for 1 h prior to the addition of 2 mL methanol converting 

the dry powder to an alcogel. The final product was obtained after 2 h heating at 600oC 

then 700oC. Yield: 2.67 g, 80%. 

3.1.2 Preparation of NP Pastes 

To prepare the ITO-50 and FTO NP pastes, 75 mL agate jars of PQ-N04 planetary ball 

milling system (Across International) were first rinsed with anhydrous ethanol. 18 g of 6 

mm agate beads were added to one agate jar, and then rinsed with anhydrous ethanol and 

dried. After formulating the corresponding pastes (see below), they were dispersed in the 

planetary ball milling system for 24 h at 200 rpm. The pastes were finally obtained by 

concentrating the dispersed solution under vacuum at 40°C for 3 h to remove excess 

ethanol.  

The FTO NP paste was formulated adding the listed materials, to the agate jar 

containing the agate beads in the following order: 1 g of 15 wt% polyvinyl butyral (PVB, 

molecular weight 40 000-70 000 g/mol) in anhydrous ethanol, 100 μL 2-butoxyethanol 

(0.762 mmol), 70 μL 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (0.39 mmol), 15 μL 

DISPERBYK-111, 0.968 g of α-Terpineol with butyl carbitol acetate (1:1 w/w), 0.30 g of 

FTO NPs, and 30 mL anhydrous ethanol. 
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The ITO-50 NP paste was prepared by adding these materials to the agate jar with agate 

beads in the following order: 375 mg of <50 nm ITO powder, 1.6 g of 7.5% polyvinyl 

butyral (PVB, molecular weight 40000-70000 g/mol) in anhydrous ethanol, 0.375 g of 2% 

sodium docusate (0.0169 mmol) inanhydrous ethanol, 70 μL 2-[2-(2-

methoxyethoxy)ethoxy]acetic acid (0.39 mmol), 15 μL DISPERBYK-111, 1.06 g 

propylene glycol, 36 μL glycerol (3%), and 30 mL anhydrous ethanol. 

3.1.3 Deposition of Fe(x-tpy)2 Complexes onto Solid Substrates 

Iron(II) complexes were deposited onto ITO-30, ITO-50, and FTO NP screen printed 

films on corresponding FTO/glass and ITO/glass substrates using an adapted version of the 

published procedure.16 In brief: substrates were submerged in a solution of trichloro(4- 

(chloromethyl)phenyl)silane with dry hexane (1:100 v/v) in an inert atmosphere. They 

were left standing for 20 minutes at room temperature, then rinsed in the inert atmosphere 

with hexane (3 x 15 mL) followed by anhydrous acetonitrile (3 x 15 mL). They were then 

sonicated (1 x 15 mL) per solvent for 5 min. In an inert atmosphere, the silane-templated 

substrates were submerged in a pressure tube with 0.4 mM solution of the desired Fe(x-

tpy)2 complex (where x is s, d, or t), and then heated for 5 days in the dark at 85oC. They 

were brought to room temperature, then exposed to air upon rinsing 3 x with acetonitrile, 

and then hexane. They were sonicated 1× per solvent for 5 min.  

3.2 Crystal Structure 

 
Supporting Information Figure 3.1) (a) Crystallographically determined structure of mono-protonated 

version of complex [Fe(s-tpy)2](BF4)2 with thermal ellipsoids set at 50%. Hydrogen atoms (except CH2=CH2 

and N-H hydrogens) and BF4 counter anions are omitted for clarity. Selected bond lengths (Å) and angles 

(°): Fe(1)–N(1) 1.968(2), Fe(1)–N(2) 1.874(2), Fe(1)–N(3) 1.965(2), Fe(1)–N(4) 1.967(2), Fe(1)–N(5) 

1.877(2), Fe(1)–N(6) 1.978(2), C(22)–C(23) 1.509(5), C(50)–C(52) 1.498(4), N(7)–C(H7) 1.13(5), N(5)–
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Fe(1)–N(2) 178.79(10), N(3)–Fe(1)–N(4) 93.11(10), N(6)–Fe(1)–N(1) 95.00(16). (b) Non-covalent 

interactions in crystal packing of complex x. Week noncovalent N8∙∙∙H7A interactions play important role in 

packing of the complex. N∙∙∙H distance is 1.533 Å that is significantly lower the sum of van der Waals radii 

for individual atoms H and N (1.20 +1.55=2.75 Å). 

 
Supporting Information Figure 3.2) Jobs plots in CH3CN: (a) [Fe(s-tpy)2(BF4)2], (b) [Fe(d-tpy)2(BF4)2], and 

(c) [Fe(t-tpy)2(BF4)2], (d) [Fe(CH3-s-tpy)2(I)(BF4)2], (e) [Fe(CH3-d-tpy)2(I)(BF4)2], and (f) [Fe(CH3-t-

tpy)2(I)(BF4)2]. 

3.3 Characterization of FTO NPs 

X-Ray diffraction (XRD) pattern for the FTO NPs matches the literature spectrum, 

containing characteristic peaks for SnO2 but no detectable peaks for fluorine.17 The average 

size of the NPs was calculated using the XRD pattern and the Scherrer equation 

(Supporting Information Equation 3.1) where τ gives the average particle size, λ is the X-

ray source wavelength, β is the width of the peak at half-height, and θ is the Bragg angle. 

Supporting Information Equation 3.1)  𝜏 =
0.9𝜆

𝛽 cos θ
 

The average size was 19.57 nm, which is also in good correlation with the literature value.17 
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Supporting Information Figure 3.3) (a)  XRD patterns of FTO NPs, (b) BET isotherm for FTO NPs. 

The Brunauer–Emmett–Teller (BET) isotherm plot for the FTO NPs gave the average 

pore radius of 3.50 nm with surface area 17.62 m2/g. 

 
Supporting Information Figure 3.4) (a) Durability at 100 mV/s, (b) Nyquist plot, and (c) capacitance plot for 

blank FTO NPs screen-printed film on FTO/glass substrate (3 electrode cell, 0.1M TBAHFP/MeCN). 

Cyclic voltammetry (CV) was measured for the FTO NPs on the FTO-glass substrate 

(Supporting Information Figure 3.4A) in the operating range of –0.13 to 1.7 V vs. Fc/Fc+. 

In the region above 0.75 V vs. Fc/Fc+, slight material decomposition was observed from 

cycle 100 to 200, and this slowed through additional cycling. Almost no change was 

observed between cycles 300 and 400. A small peak is visible for the reference electrode 

AgNO3 at 0.04 V vs. Fc/Fc+. The material experienced capacitance when cycling toward 

negative potentials beyond 1.0 V vs. Fc/Fc+, and impedance was thereby measured at -0.02 

V, 0.60 V and 1.17 V vs. Fc/Fc+. While the material experienced resistance near the region 

of 1.17 V vs. Fc/Fc+, capacitive behaviors were observed near 0 V vs. Fc/Fc+. An increase 

in capacitance is observed for more negative potentials. 
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3.4 Cyclic Voltammetry of ECMs 

Linear regression of peak current (ip) versus sweep rate (ν) allows for calculation of 

surface coverage (Γ) with respect to the specific ECM surface area (ASUR) using Supporting 

Information Equation 3.2.8  

Supporting Information Equation 3.2)  𝑖𝑝 =
𝑛2𝐹2

4𝑅𝑇
𝜈𝐴𝑆𝑈𝑅Γ 

To effectively compare the different substrates, this data was normalized to the BET SA of 

the corresponding NPs: 10.2 m2 g-1 for ITO-30,18 30 m2 g-1 for ITO-50, and 17.62 m2 g-1 

for FTO. The surface coverage of redox active complexes applying BET SA is summarized 

in main text). 

3.4.1 ITO-30/ITO/Glass Substrate 

 
Supporting Information Figure 3.5) CVs of [Fe(s-tpy)2]@ITO-30 NP on ITO /glass substrate: (a) Full CVs, 

(b) relationship between current density and sweep rates, (c) relationship between current density and root of 

the sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN). 

 
Supporting Information Figure 3.6) CVs of [Fe(d-tpy)2]@ITO-30 NP on ITO /glass substrate: (a) Full CVs, 

(b) relationship between current density and sweep rates, (c) relationship between current density and root of 

the sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN). 
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Supporting Information Figure 3.7) CVs of [Fe(t-tpy)2]@ITO-30 NP on ITO /glass substrate: (a) Full CVs, 

(b) relationship between current density and sweep rates, (c) relationship between current density and root of 

the sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN). 

3.4.2 ITO-50/ITO/Glass Substrate 

 
Supporting Information Figure 3.8) CVs of [Fe(s-tpy)2]@ITO-50 NP on ITO /glass substrate: (a) Full CVs, 

(b) relationship between current density and sweep rates, (c) relationship between current density and root of 

the sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN). 

 
Supporting Information Figure 3.9) CVs of [Fe(d-tpy)2]@ITO-50 NP on ITO /glass substrate: (a) Full CVs, 

(b) relationship between current density and sweep rates, (c) relationship between current density and root of 

the sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN). 

For CVs of [Fe(t-tpy)2]@ ITO-50/ITO/glass substrate: full CVs, relationship between 

current density and sweep rates, and relationship between current density and root of the 

sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN) see the main text. 
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3.4.3 FTO/ITO/Glass Substrate 

 
Supporting Information Figure 3.10) CVs of [Fe(s-tpy)2]@FTO/ITO/glass substrate: (a) Full CVs, (b) 

relationship between current density and sweep rates, (c) relationship between current density and root of the 

sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN). 

 
Supporting Information Figure 3.11) CVs of [Fe(d-tpy)2]@FTO/ITO/glass substrate: (a) Full CVs, (b) 

relationship between current density and sweep rates, (c) relationship between current density and root of the 

sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN). 

 
Supporting Information Figure 3.12) CVs of [Fe(t-tpy)2]@FTO/ITO/glass substrate: (a) Full CVs, (b) 

relationship between current density and sweep rates, (c) relationship between current density and root of the 

sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN). 

3.4.4 FTO/FTO/Glass Substrate 

 
Supporting Information Figure 3.13) CVs of [Fe(s-tpy)2]@FTO/FTO/glass substrate: (a) Full CVs, (b) 

relationship between current density and sweep rates, (c) relationship between current density and root of the 

sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN). 
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Supporting Information Figure 3.14) CVs of [Fe(d-tpy)2]@FTO/FTO/glass substrate: (a) Full CVs, (b) 

relationship between current density and sweep rates, (c) relationship between current density and root of the 

sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN). 

For CVs of [Fe(t-tpy)2]@FTO/FTO/glass substrate: full CVs, linear relationship 

between current density and sweep rates, and linear relationship between current density 

and root of the sweep rate (3 electrode cell, 0.1 M TBAHFP/MeCN) see the main text 

3.4.5 Laviron Kinetics 

 
Supporting Information Figure 3.15) Laviron plot for [Fe(s-tpy)2] on (a) ITO-30 on ITO/glass, (b) ITO-50 

on ITO/glass, (c) FTO on ITO/glass, and (d) FTO on FTO/glass. 

 
Supporting Information Figure 3.16) Laviron plot for [Fe(d-tpy)2] on (a) ITO-30 on ITO/glass, (b) ITO-50 

on ITO/glass, (c) FTO on ITO/glass, and (d) FTO on FTO/glass. 

 
Supporting Information Figure 3.17) Laviron plot for [Fe(t-tpy)2] on (a) ITO-30 on ITO/glass, (b) ITO-50 on 

ITO/glass, (c) FTO on ITO/glass, and (d) FTO on FTO/glass. 
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3.5 Spectroelectrochemical (SEC) Properties 

 
Supporting Information Figure 3.18) SEC cycling between -1V to +3V for [Fe(s-tpy)2]: i) UV-Vis, ii) 

different speeds of cycling down (30 cycles/speed), and iii) long term durability 60 s/hold, where the complex 

is anchored on (a) ITO-30/ITO/glass, (b) ITO-50/ITO/glass, (c) FTO/ITO/glass, and (d) FTO/FTO/glass (2 

electrode cell, Li+ electrolyte). 
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Supporting Information Figure 3.19) SEC sycling between -1V to +3V for [Fe(d-tpy)2]: i) UV-Vis, ii) 

different speeds of cycling down (30 cycles/speed), and iii) long term durability 60 s/hold, where the complex 

is anchored on (a) ITO-30/ITO/glass, (b) ITO-50/ITO/glass, (c) FTO/ITO/glass, and (d) FTO/FTO/glass (2 

electrode cell, Li+ electrolyte). 
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Supporting Information Figure 3.20) SEC sycling between -1V to +3V for [Fe(t-tpy)2]: i) UV-Vis, ii) 

different speeds of cycling down (30 cycles/speed), and iii) long term durability 60 s/hold, where the complex 

is anchored on (a) ITO-30/ITO/glass, (b) ITO-50/ITO/glass, (c) FTO/ITO/glass, and (d) FTO/FTO/glass (2 

electrode cell, Li+ electrolyte). 

3.6 Coloration Efficiency 

It was demonstrated for electrochemical supercapacitors that specific capacitance 

depends on the accessibility of the surface area by the electrolyte. The relationship has an 

optimal ratio for the surface area to electrolyte ion radius, thus explains the discrepancies 

between ITO-30 NPs and the ITO-50.19 
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Supporting Information Figure 3.21) Coloration efficiencies for [Fe(s-tpy)2] on (a) ITO-30/ITO/glass, (b) 

ITO-50/ITO/glass, (c) FTO/ITO/glass, and (d) FTO/FTO/glass (solid state, -1V). 

 
Supporting Information Figure 3.22) Coloration efficiencies for [Fe(d-tpy)2] on (a) ITO-30/ITO/glass, (b) 

ITO-50/ITO/glass, (c) FTO/ITO/glass, and (d) FTO/FTO/glass (solid state, -1V). 

 
Supporting Information Figure 3.23) Coloration efficiencies for [Fe(t-tpy)2] on (a) ITO-30/ITO/glass, (b) 

ITO-50/ITO/glass, (c) FTO/ITO/glass, and (d) FTO/FTO/glass (solid state, -1V). 

 
Supporting Information Figure 3.24) Contact angle of acetonitrile drop (1μL) on (a) ITO/glass surface and 

(b) FTO/glass surface. 

3.7 Electrochemical Impedance Spectroscopy (EIS) 

EIS was measured for the Fe(t-tpy) system on each of the four substrates. The cyclic 

voltammograms (CVs) for each substrate with and without Fe(t-tpy) were given in Figure 

S25A, and then the impedance compared for the double layer (Dbl) region and the half-

wave potential (Figure S25B) for the [Fe(t-tpy)2] functionalized films. The solution 

resistance was subtracted from the system. Here, the half-wave impedance was fit to an 
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equivalent circuit similar to that by Vergaz10 (Supporting Information Figure 3.25E). The 

series capacitance (Supporting Information Figure 3.25C) maximizes at the half-wave 

potential. These values were summarized in Table 1 where pseudocapacitance was 

calculated using Equation S3. Here, CT represents the limiting capacitance, CF is the 

Faradaic component, and Cdl is the double-layer contribution.13, 20 

Supporting Information Equation 3.3)  𝐶𝐹 = 𝐶𝑇 − 𝐶𝑑𝑙  

 
Supporting Information Figure 3.25) EIS data for [Fe(t-tpy)2] on different substrates: (a) cyclic 

voltammogram at 50 mV/s, (b) Nyquist plot, (c) capacitance plot, and d) normalized capacitance plot on i) 

ITO-30/ITO/glass, ii) ITO-50/ITO/glass, iii) FTO/ITO/glass, and iv) FTO/FTO/glass. (e) the used equivalent 

circuit. 
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Supporting Information Figure 3.26) The relationship between impedance and reciprocal square root of 

frequency used for calculations of the Warburg coefficient (σ) and the diffusion coefficient (D). (a) ITO-30, 

(b) ITO-50, (c) FTO-ITO, and (d) FTO-FTO. 

Supporting Information Equation 3.4) 𝑍′(𝜔) =
𝜎

√𝜔
 

Supporting Information Equation 3.5) 𝜎 =
𝑅𝑇

𝑛2𝐹2𝐴√2
(

1

𝐷1/2𝐶∗) 

3.8 Charge Distribution Modelling 

 

Supporting Information Figure 3.27) Charge distribution in (a) [Fe(s-tpy)2CH3]3+, B) [Fe(d-tpy)2CH3]3+, and 

C) [Fe(t-tpy)2CH3]3+. 

3.9 Synthesis 

3.9.1 2,2’:2’:6”-Terpyridine-Based Ligands 

 

Supporting Information Figure 3.28) d-tpy 

(E)-4'-(4-(2-(pyridin-4-yl)vinyl)phenyl)-2,2':6',2''-terpyridine (d-tpy): tBuOK (2.40 g, 21.4 

mmol) was measured out under a direct flow of nitrogen and added into round bottom flask. 

3.50 g of 4-(2,2’:6’,2”-terpyridyl-4’)-benzyl(triphenyl)phosphonium bromide (8.71 mmol) 

was added to 120 mL of anhydrous DMF, and this was added to the reaction mixture. It 

was stirred at room temperature for 20 minutes, after which 0.50 mL 4-pyridine 

carboxaldehyde (5.3 mmol) was added forming a dark-orange solution. This was heated at 

reflux for 4 h, then stirred at room temperature for 3 h. The mixture was extracted with 

0.5 1.50.0 1.0

50

150

0

100

Z
' 
(W

*c
m

2
)

w-1/2 (rad/s)-1/2

A)

y = 150.9x - 45.90

R2 = 0.9947

0.5 1.50.0 1.0

10

30

0

20

40

Z
' 
(W

*c
m

2
)

w-1/2 (rad/s)-1/2

y = 32.29x - 12.01

R2 = 0.9715

B)

0.5 1.50.0 1.0

10

30

50

70

0

20

40

60

Z
' 
(W

*c
m

2
)

w-1/2 (rad/s)-1/2

y = 48.17x - 0.1832

R2 = 0.9941

C)

0.5 1.50.0 1.0

50

150

250

0

100

200

Z
' 
(W

*c
m

2
)

w-1/2 (rad/s)-1/2

y = 190.8x - 12.70

R2 = 0.9984

D)

 



274 

 

CHCl3 (3 × 100 mL) yielding a yellow precipitate. The filtrate was washed with 150 mL 

chilled H2O and refrigerated overnight. The organic layer was evaporated under reduced 

pressure yielding a yellow oil. This was recrystallized in acetone obtaining a yellow solid 

(Yield: 410 mg, 19%). The ligand was obtained according to published literature reports.21 

FT-IR: ν/cm-1 3051w (C-H), 3012w (C-H), 1574vs (C=C-C), 1468s (C=C-C), 1384s (C-

H), 1185s (C-H aromatic), 1115s (C-H aromatic), 972s (C-H trans), 779vs (C-H aromatic), 

706vs (C-H aromatic). UV (CH3CN): λmax (ε) / nm (L mol-1 cm-1): 233 (2.9×104), 251sh 

(2.1×104), 285 (3.2 ×104), 326 (4.9×104). 

 
Supporting Information Figure 3.29) s-tpy 

4'-(4-(2-(pyridin-4-yl)ethyl)phenyl)-2,2':6',2''-terpyridine (s-tpy): s-Tpy was obtained by 

the reduction of d-tpy using NaBH4 and acetic acid in the presence of Pd/C catalyst.22 It 

was purified over an alumina column (99:1 CHCl3:MeOH). Yield: 95.8 mg, 47.7%. 

1H-NMR (400 MHz, DMSO-d6) δ 8.74 (ddd, J = 4.7, 1.6, 0.8 Hz, 1H), 8.68 (s, 1H), 8.64 

(d, J = 7.9 Hz, 1H), 8.44 (dd, J = 4.4, 1.6 Hz, 1H), 8.01 (td, J = 7.8, 1.8 Hz, 1H), 7.82 (d, J 

= 8.2 Hz, 1H), 7.50 (ddd, J = 7.4, 4.8, 1.1 Hz, 1H), 7.43 (d, J = 8.2 Hz, 1H), 7.26 (dd, J = 

4.5, 1.5 Hz, 1H), 3.04 – 2.94 (m, 2H). 13C-NMR (101 MHz, DMSO-d6) δ 155.45, 154.77, 

149.92, 149.22, 149.13, 149.07, 142.38, 137.25, 134.94, 129.26, 126.59, 124.20, 123.80, 

120.72, 117.50, 35.52, 30.47. FT-IR: ν/cm-1 3053w (C-H aromatic), 2930s (CH2), 2855w 

(CH2), 1585s (C=C-C), 1462s (C=C-C), 1380s (C-N), 1256s (C-N), 1072w (C-H 

aromatic), 1031w (C-H aromatic), 983w (C=C), 793vs (C-H aromatic), 750s (C-H 

aromatic), 660s (CH2), 618s (CH2). UV (CH3CN): λmax(ε) / nm (L mol-1 cm-1): 228 

(2.3×104), 253 (3.2×104), 278 (3.8×104), 315sh (8.9×103). 

4'-(4-(pyridin-4-ylethynyl)phenyl)-2,2':6',2''-terpyridine (t-tpy): obtained according to the 

literature report.23 UV (CH3CN): λmax (ε) / nm (L mol-1 cm-1): 227 (2.3×104), 255 (1.8×104), 

301 (4.0×104). 

3.9.2 Quaternized Ligands 

Ligands were synthesized according to the published procedure.4 The quaternized 

single bond ligand was obtained as a yellow powder (Yield: 57.8 mg, 57%). The 
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quaternized double bond ligand was obtained as a yellow-orange solid (Yield: 42.4 mg, 

75%). The quaternized triple bond ligand was additionally separated over alumina using a 

mixture of dichloromethane and methanol (95:5). The desired ligand was collected as the 

second of three elutions, obtaining an orange-brown precipitate (Yield: 22.2 mg, 26%). 

 
Supporting Information Figure 3.30) qs-tpy 

(4-(4-([2,2':6',2''-terpyridin]-4'-yl)phenethyl)-1-methylpyridin-1-ium)I (qs-tpy): 1H-NMR 

(400 MHz, DMSO-d6) δ 8.86 (d, J = 6.5 Hz, 2H), 8.77 (d, J = 4.4 Hz, 2H), 8.70 (s, 2H), 

8.68 (d, J = 8.0 Hz, 2H), 8.09 – 8.01 (m, 4H), 7.88 (d, J = 8.1 Hz, 2H), 7.54 (dd, J = 7.0, 

5.1 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H), 4.28 (s, 3H), 3.29 (d, J = 8.0 Hz, 2H), 3.13 (t, J = 7.7 

Hz, 2H). 13C NMR (101 MHz, DMSO) δ 160.89, 155.70, 154.95, 149.36, 149.23, 144.83, 

141.56, 137.54, 135.47, 129.54, 127.46, 126.97, 124.60, 120.97, 117.74, 47.22, 35.78, 

34.32. FT-IR: ν/cm-1 3412b (>N-H), 2922w (CH2), 2849w (CH2), 1637vs (C=C-C), 1582vs 

(C=C-C), 1562vs (C=C-C), 1520vs (C=C-C), 1462vs (C=C-C), 1382vs (C-N), 1264 (C-

N), 1180s (C-H aromatic), 1080s (C-H aromatic), 1031s (C-H aromatic), 983s (C=C), 893s 

(C-H aromatic), 835vs (C-H aromatic), 789vs (C-H aromatic), 734vs (C-H aromatic), 

655vs (C-H aromatic). UV (CH3CN): λmax (ε) / nm (L mol-1 cm-1): 252 (4.8×104), 278 

(4.2×104), 320sh (7.3×103).  

 
Supporting Information Figure 3.31) qd-tpy 

((E)-4-(4-([2,2':6',2''-terpyridin]-4'-yl)styryl)-1-methylpyridin-1-ium)I (qd-tpy): 1H-NMR 

(400 MHz, DMSO-d6) δ 8.91 (d, J = 6.7 Hz, 2H), 8.80 – 8.78 (m, 4H), 8.71 (d, J = 7.9 Hz, 

2H), 8.29 (d, J = 6.8 Hz, 2H), 8.16 – 8.10 (m, 2H), 8.07 (dt, J = 7.8, 1.8 Hz, 2H), 8.00 – 

7.94 (m, 2H), 7.67 (d, J = 16.3 Hz, 2H), 7.59 – 7.52 (m, 2H), 4.28 (s, 3H). 13C-NMR (101 

MHz, DMSO) δ 154.76, 149.17, 145.06, 143.07, 137.30, 131.31, 131.22, 129.90, 128.87, 

128.61, 128.52, 127.52, 124.47, 124.12, 123.53, 118.84, 117.63, 47.56. FT-IR: ν/cm-1  

3406b (>N-H), 3010vs (C-H), 2942w (CH3), 1651vs (C=C), 1611vs (C=C-C), 1574vs 
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(C=C-C), 1515vs (C=C-C), 1472vs (C=C-C), 1386vs (C-N), 1338s (C-H), 1256s (C-N), 

1178vs (C-H aromatic), 1119vs (C-H aromatic), 972vs (C-H trans), 836vs (C-H aromatic), 

779vs (C-H aromatic), 738s (C-H aromatic), 711s (C-H aromatic), 685s (C-H aromatic). 

UV (CH3CN): λmax (ε) / nm (L mol-1 cm-1): 247 (4.5×104), 278 (2.8×104), 361 (3.6×104). 

 
Supporting Information Figure 3.32) qt-tpy 

({4-((4-([2,2':6',2''-terpyridin]-4'-yl)phenyl)ethynyl)-1-methylpyridin-1-ium)I (qt-tpy): 

1H-NMR (400 MHz, CD3CN) δ 8.77 (s, 2H), 8.73 – 8.65 (m, 4H), 8.57 (d, J = 6.6 Hz, 2H), 

8.05 – 8.00 (m, 4H), 7.97 (t, J = 7.7 Hz, 2H), 7.86 (d, J = 8.1 Hz, 2H), 7.45 (t, J = 5.8 Hz, 

2H), 4.24 (s, 3H). 13C-NMR (101 MHz, CD3CN) δ 148.80, 146.11, 144.45, 138.30, 138.25, 

135.70, 135.60, 134.35, 130.34, 128.73, 126.52, 125.33, 122.81, 122.65, 120.14, 119.37, 

108.14, 105.56, 53.66. FT-IR: ν/cm-1 2969vs (CH3), 2219s (C≡C), 1621w (C=C-C), 1580w 

(C=C-C), 1562w (C=C-C), 1523w (C=C-C), 1460w (C=C-C), 1389w (C-N), 1258vs (C-

N), 1084vs (C-H aromatic), 1009vs (C-H aromatic), 785vs (C-H aromatic), 697w (C-H 

aromatic), 658w (C-H aromatic). UV (CH3CN): λmax (ε) / nm (L mol-1 cm-1): 249 (2.2×104), 

280 (2.2×104), 348 (1.8×104). 

3.9.3 Fe2+-Terpyridine Metal Complexes 

The corresponding terpyridine ligand was dissolved in acetonitrile, and a half molar 

amount of Fe(BF4)2*6H2O salts was added. A purple colour was immediately observed 

upon iron addition. The complex was briefly sonicated, and then the solvent was removed 

under reduced pressure. Fe(d-Tpy)2 was obtained according to literature reports.21 

 
Supporting Information Figure 3.33) [Fe(s-tpy)2](BF4)2 

[Fe(4'-(4-(2-(pyridin-4-yl)ethyl)phenyl)-2,2':6',2''-terpyridine)2](BF4)2 ([Fe(s-

tpy)2(BF4)2): 
1H-NMR (400 MHz, DMSO-d6) δ 9.61 (s, 4H), 9.02 (d, J = 8.1 Hz, 4H), 8.61 

(d, J = 4.5 Hz, 4H), 8.45 (d, J = 7.7 Hz, 4H), 7.99 (t, J = 7.7 Hz, 4H), 7.63 (d, J = 8.0 Hz, 

4H), 7.57 (s, 4H), 7.23 (d, J = 5.2 Hz, 4H), 7.15 (t, J = 6.2 Hz, 4H), 3.17 (s, 4H). 13C-NMR 
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(101 MHz, DMSO-d6) δ 160.30, 158.35, 156.85, 153.22, 141.63, 139.18, 134.06, 130.05, 

128.15, 128.00, 125.60, 124.51, 121.19, 100.82, 99.13, 36.30, 35.47.  [M+]2+ Calc for 

C56H44FeN8 442.15137; Found 442.15127. [M+2H]2+ Calc for C56H44FeN8 443.157276; 

Found 443.15360. FT-IR: ν/cm-1 3396b (>N-H), 3075w (C-H aromatic), 2922w (CH2), 

2853w (CH2), 1613s (C=C-C), 1411s (C=C-C), 1048vs (C-H aromatic), 832s (C-H 

aromatic), 785s (C-H aromatic), 732vs (C-H aromatic), 654vs (C-H aromatic). UV 

(CH3CN): λmax (ε) / nm (L mol-1 cm-1): 286 (7.2×104), 308sh (6.3×104), 321 (6.6×104), 568 

(2.6×104). 

 
Supporting Information Figure 3.34) [Fe(d-tpy)2](BF4)2 

[Fe((E)-4'-(4-(2-(pyridin-4-yl)vinyl)phenyl)-2,2':6',2''-terpyridine)2](BF4)2 ([Fe(d-

tpy)2(BF4)2): 
1H-NMR (400 MHz, DMSO-d6) δ 9.74 (s, 1H), 9.10 (d, J = 8.1 Hz, 1H), 8.69 

– 8.63 (m, 2H), 8.12 (d, J = 8.5 Hz, 1H), 8.05 (td, J = 7.8, 1.4 Hz, 1H), 7.78 (d, J = 16.4 

Hz, 1H), 7.68 (dd, J = 4.7, 1.5 Hz, 1H), 7.59 (d, J = 16.4 Hz, 1H), 7.30 (d, J = 5.5 Hz, 1H), 

7.22 – 7.18 (m, 1H). 13C-NMR (101 MHz, DMSO-d6) δ 160.13, 158.10, 155.80, 153.01, 

150.41, 148.32, 144.26, 138.99, 138.76, 135.79, 132.32, 128.38, 128.29, 127.80, 124.32, 

121.23, 120.94. FT-IR: ν/cm-1 3548b (>N-H), 3080b (C-H aromatic), 1695s (C=C-C), 

1619s (C=C), 1421s (C=C-C), 1040vs (C-H aromatic), 796vs (C-H aromatic), 614s (C-H 

aromatic). UV (CH3CN): λmax (ε) / nm (L mol-1-cm-1): 243sh (3.7x104), 287 (5.0×104), 

323sh (6.9×104), 340 (7.5×104), 362sh (6.4×104), 574 (3.1×104). 

 
Supporting Information Figure 3.35) [Fe(t-tpy)2(BF4)2 

[Fe(4'-(4-(pyridin-4-ylethynyl)phenyl)-2,2':6',2''-terpyridine)2](BF4)2 ([Fe(t-tpy)2(BF4)2): 

1H-NMR (400 MHz, DMSO-d6) δ 9.76 (s, 4H), 9.10 (d, J = 7.6 Hz, 4H), 8.83 – 8.65 (m, 

8H), 8.17 – 8.00 (m, 8H), 7.69 (s, 4H), 7.30 (d, J = 4.5 Hz, 4H), 7.21 (d, J = 6.5 Hz, 4H). 

13C-NMR (101 MHz, DMSO-d6) δ 160.51, 158.29, 153.34, 150.51, 150.07, 139.33, 137.26, 
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133.31, 128.62, 128.09, 126.12, 124.68, 123.78, 121.46, 110.78, 73.06, 68.54 FT-IR: ν/cm-

1 3538b (>N-H), 3077w (C-H aromatic), 2207s (C≡C), 1607s (C=C-C), 1403s (C=C-C), 

1033vs (C-H aromatic), 777vs (C-H aromatic), 618s (C-H aromatic). UV (CH3CN): λmax 

(ε) / L mol-1 cm-1 242sh (3.5×104), 288 (4.8×104), 325 (7.1×104), 574 (2.5×104). 

 

Supporting Information Figure 3.36) [Fe(qs-tpy)2](BF4)2 

[Fe(4-(4-([2,2':6',2''-terpyridin]-4'-yl)phenethyl)-1-methylpyridin-1-ium)I]2(BF4)2 

([Fe(qs-tpy)2](BF4)2): 
1H-NMR (400 MHz, DMSO-d6) δ 9.67 (s, 4H), 9.07 (d, J = 8.2 Hz, 

4H), 8.94 (d, J = 6.6 Hz, 4H), 8.52 (t, J = 9.5 Hz, 4H), 8.15 (d, J = 6.4 Hz, 4H), 8.05 (t, J = 

7.7 Hz, 4H), 7.74 (d, J = 8.1 Hz, 4H), 7.27 (q, J = 6.3 Hz, 4H), 7.20 (t, J = 6.4 Hz, 4H), 

4.33 (s, 6H), 3.27 – 3.21 (m, 8H). 13C-NMR (101 MHz, DMSO-d6) δ 165.65, 159.26, 

155.21, 154.34, 147.79, 145.43, 139.65, 139.34, 130.43, 129.95, 128.34, 127.93, 127.40, 

124.53, 119.78, 44.75, 39.36. FT-IR: ν/cm-1 2963s (CH3), 1625w (C=C-C), 1556w (C=C-

C), 1521w (C=C-C), 1476w (C=C-C), 1382w (CH3), 1258vs (C-N), 1080vs (C-H 

aromatic), 1017vs (C-H aromatic), 793vs (C-H aromatic). UV (CH3CN): λmax (ε) / nm (L 

mol-1 cm-1): 247 (8.0×104), 285 (8.8×104), 320 (6.5×104), 368sh (9.6×103), 569 (2.7×104).  

 
Supporting Information Figure 3.37) [Fe(qd-tpy)2](BF4)2 

[Fe((E)-4-(4-([2,2':6',2''-terpyridin]-4'-yl)styryl)-1-methylpyridin-1-ium)I]2(BF4)2 

([Fe(qd-tpy)2](BF4)2): 
1H-NMR (400 MHz, DMSO-d6) δ 9.77 (s, 4H), 9.11 (d, J = 8.0 Hz, 

4H), 8.96 (d, J = 6.5 Hz, 4H), 8.74 (d, J = 7.9 Hz, 4H), 8.33 (d, J = 6.5 Hz, 4H), 8.20 (d, J 

= 6.4 Hz, 4H), 8.06 (d, J = 7.6 Hz, 4H), 7.67 – 7.59 (m, 4H), 7.59 – 7.53 (m, 4H), 7.30 (dd, 

J = 12.2, 7.2 Hz, 2H), 7.22 (dd, J = 13.3, 6.2 Hz, 2H), 4.33 (s, 6H). 13C-NMR (101 MHz, 

DMSO-d6) δ 159.15, 157.65, 156.10, 152.33, 145.18, 145.05, 138.64, 135.96, 135.24, 

131.83, 131.22, 129.22, 128.23, 127.08, 125.70, 123.58, 119.21, 50.12. FT-IR: ν/cm-1 

3410b (>N-H), 3008vs (C-H), 2942w (CH3), 1647vs (C=C), 1616vs (C=C-C), 1515vs 

(C=C-C), 1462vs (C=C-C), 1405s (C-H), 1180s (C-H aromatic), 1076vs (C-H aromatic), 
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834vs (C-H aromatic), 785vs (C-H aromatic), 751s (C-H aromatic). UV (CH3CN): λmax (ε) 

/ nm (L mol-1 cm-1): 249 (1.0×105), 284 (7.0×104), 360 (9.7×104), 577 (2.7×104).  

 
Supporting Information Figure 3.38) [Fe(qt-tpy)2](BF4)2 

[Fe({4-((4-([2,2':6',2''-terpyridin]-4'-yl)phenyl)ethynyl)-1-methylpyridin-1-

ium)I)]2(BF4)2 ([Fe(qt-tpy)2](BF4)2): 
1H-NMR (400 MHz, CD3CN) δ 9.20 (s, 4H), 8.62 (d, 

J = 5.8 Hz, 8H), 8.48 – 8.34 (m, 4H), 8.09 (d, J = 5.3 Hz, 8H), 7.91 (s, 4H), 7.18 (s, 4H), 

7.08 (s, 4H), 4.29 (s, 4H), 2.06 (s, 2H). 13C-NMR (101 MHz, CD3CN) δ 161.32, 158.89, 

154.22, 149.85, 146.41, 139.97, 139.80, 134.75, 130.49, 129.53, 128.87, 128.43, 124.99, 

122.70, 113.16, 87.53, 49.15, 30.77. FT-IR: ν/cm-1 3404 (>N-H), 3029w (C-H aromatic), 

2961s (CH3), 2217s (C≡C), 2184w (C≡C), 1640s (C=C-C), 1605s (C=C-C), 1519s (C=C-

C), 1466s (C=C-C), 1403s (C=C-C), 1250vs (C-N), 1072vs (C-H aromatic), 1013vs (C-H 

aromatic), 781vs (C-H aromatic). UV (CH3CN): λmax (ε) / nm (L mol-1 cm-1): 242 (5.3×104), 

285 (5.7×104), 335 (7.3×104), 576 (2.6×104). 

3.9.4 Characterization of Fe2+-Terpyridine Metal Complexes 

 
Supporting Information Figure 3.39) CVs of 0.1 mM complexes in solution at 50 mV/s (0.1 M 

TBAHFP/MeCN): (a) Fe(s-tpy)2(BF4)2, (b) Fe(d-tpy)2(BF4)2, and (c) Fe(t-tpy)2(BF4)2. 
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A4. Chapter 4 Supporting Information 

 
Supporting Information Figure 4.1) UV-Vis absorbance of metal complexes in acetonitrile: (a) full spectrum, 

and (b) focused on d-d* and MLCT absorptions. (c) CV of 0.1 mM complexes in electrolyte (0.1 M TBAHFP 

in CH3CN, Pt wire counter electrode, 50 mV/s). 

 
Supporting Information Figure 4.2) Schematic representation of the solid state device assembly. 

Supporting Information Table 4.1) Coloration efficiency for ECDs fabricated by the deposition of individual 

metal complexes on ITO-50 SPS. 

Metal System Wavelength (nm) Coloration  Efficiency (cm2/C) 

Co 510 107 

Os 515 

700 

1124 

1481 

Fe 600 1656 

 
Supporting Information Figure 4.3) Os-Fe ECM: (a) relationship between peak current density and scan rates 

of Os, (b) relationship between peak current density and root of the scan rate of Os, (c) relationship between 

peak current density and scan rate of Fe, (d) relationship between peak current density and root of the scan 

rate of Fe. 
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Supporting Information Figure 4.4) Co-Fe ECM: (a) relationship between peak current density and scan rates 

of Co, (b) relationship between peak current density and root of the sweep rate of Co, (c) relationship between 

peak current density and scan rates of Fe, and (d) relationship between peak current density and root of the 

scan rate of Fe. 

 
Supporting Information Figure 4.5) 3M ECM: (a) relationship between peak current density and root of the 

scan rates of Co and (b) relationship between peak current density and root of the scan rate of Os and Fe. For 

relationships between peak current density and scan rates of Os and Fe, and Co the main text. 

 
Supporting Information Figure 4.6) IR spectrum of tpy ligands and Fe-tpy complexes: a) s-tpy, b) d-tpy, c) 

t-tpy, d) qs-tpy, e) qd-tpy, f) qt-tpy). 
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Supporting Information Figure 4.7) 1H-NMR spectrum of s-tpy. 

 
Supporting Information Figure 4.8) 1H-NMR spectrum of d-tpy. 

 
Supporting Information Figure 4.9) 1H-NMR spectrum of t-tpy. 
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Supporting Information Figure 4.10) 1H-NMR spectrum of [Fe(s-tpy)2](BF4)2. 

 
Supporting Information Figure 4.11) 1H-NMR spectrum of [Fe(d-tpy)2](BF4)2. 

 
Supporting Information Figure 4.12) 1H-NMR spectrum of [Fe(t-tpy)2](BF4)2. 
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Supporting Information Figure 4.13) A sketch of solid-state setup of ECDs. 
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A5. Chapter 5 Supporting Information 

5.1 The Results of Selected Electrochemical Measurements 

 
Supporting Information Figure 5.1) CV of Os-Fe stepwise ECM (a) varying scan rates, (b) peak current 

versus scan rate at Fe E1/2, (c) peak current versus root of scan rate at Fe E1/2, (d) peak current versus scan 

rate at Os E1/2, (e) peak current versus root of scan rate at Os E1/2. 

 
Supporting Information Figure 5.2) CV of Co-Fe stepwise ECM (a) varying scan rates, (b) peak current 

versus scan rate at Fe E1/2 , (c) peak current versus root of the scan rate at Fe E1/2, (d) peak current versus 

scan rate at Co E1/2, and (e) peak current versus root of the scan rate at Co E1/2. 

 
Supporting Information Figure 5.3) CV of Co-Os-Fe stepwise ECM (a) varying sweep rates, (b) peak current 

versus sweep rate at Os-Fe E1/2, (c) peak current versus root of the sweep rate at Fe+Os E1/2, (d) peak current 

versus sweep rate at Co E1/2, and e) peak current versus root of the sweep rate at Co E1/2. 

5.2 The Results of Selected XPS Measurements 

 
Supporting Information Figure 5.4) X-ray photoelectron spectroscopy (XPS) spectra showing the N 1s 

regions for (a) Os-Fe, (b) Co-Fe, and (c) Co-Os-Fe ECMs 
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5.3 Laviron Kinetics of ECM 

CVs at fast scan rates were plotted versus the log of the peak potential (Figure S4-S6) 

and their slopes determined to give the electron transfer coefficient α:  

Supporting Information Equation 5.1) 𝛼 =
𝑠𝑎

(𝑠𝑎−𝑠𝑐)
 

The electron transport constants (kET) of materials were calculated form the following 

formula: 

Supporting Information Equation 5.2)) 𝑘𝐸𝑇 =
𝛼𝑛𝐹𝜈𝑐

𝑅𝑇
= (1−𝛼)𝑛𝐹𝜈𝑎

𝑅𝑇
 

where νa and νc are the scan rates where the slope intersects the x-axis and the anodic or 

cathodic branches, respectively. A symmetry exhibited in the Laviron (aka trumpet) plots 

(Figure S5-S7) is a consequence of transfer coefficient values being close to 0.5. 

 
Supporting Information Figure 5.5) Laviron plot for Os-Fe stepwise ECMs. At high scan rates, it was 

impossible to distinguish between the Os and Fe peaks. The constant determined evaluates joint electron rate 

for Os and Fe species. 

 
Supporting Information Figure 5.6) Laviron plot for Co-Fe stepwise ECMs: (a) Fe and (b) Co. 

 
Supporting Information Figure 5.7) Laviron plot for Fe + Os + Co stepwise ECM at c) Fe and Os, and d) Co. 
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Supporting Information Table 5.1) Electron transfer-rate constants of ECM obtained from cyclic 

voltammetry. 

Metal System kET (s-1) 

Sequential 

Deposition 

Fe Os Co 

Os-Fe 3.3 ± 0.3  

Co-Fe 4.6 ± 0.5  5.3 ± 0.8 

Fe + Os + Co 5.1 ± 1.1 3.0 ± 0.8 

Supporting Information Table 5.2) Diffusion coefficient and internal resistance magnitude for the ECMs. 

E1/2(M) represents the electrochemical potential of the metal in which the constant was determined at. 

 

ECM 

D (cm2 s-1) RΣ (Ω*cm2)  

RS (Ω*sq) E1/2(Fe) E1/2(Os) E1/2(Co) E1/2(Fe) E1/2(Os) E1/2(Co) 

Os-Fe 1.1×10-9 1.4×10-9 - 1.5×102 1.3×102 - 164 

Co-Fe 2.7×10-9 - 1.1×10-9 1.0×102 - 99 149 

Co-Os-Fe 4.4×10-9 2.0×10-9 79 1.3×102 156 

 

5.4 The Results of Selected Electrochemical Measurements 

 
Supporting Information Figure 5.8) Spectroelectrochemical results for the Os-Fe stepwise ECM using -1V 

and +3V holds: (a) UV-Vis spectra, and durability cycling with 60s holds: (b) at 515 nm, (c) at 600 nm, (d) 

at 700 nm. 

 
Supporting Information Figure 5.9) Spectroelectrochemical results for the Co-Fe stepwise ECM using -1V 

and +3V holds (a) UV-Vis, and durability cycling with 60s holds: (b) at 490 nm, (c) at 600 nm. 

 
Supporting Information Figure 5.10) Repeatability test: Chronoabsorptometry of Co-Fe ECDs prepared six 

month apart by screen printing of different batches of screen-printed paste, followed by deposition of 4-

(chloromethyl)phenyltrichlorosilane taken from different bottles, subsequently depositing of metal 

complexes from different batches and using separately prepared batches of gel electrolyte. 
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A6. Chapter 6 Supporting Information 

6.1 Laviron Kinetics 

CVs measured at fast sweep rates give a linear region on a plot of peak potential versus 

the logarithm of the sweep rate (ν). Linear regression of the resulting two separate branches 

(anodic region and cathodic region) give α using the slopes where α =
sa

(sa−sc)
 (sa and sc are 

the anodic and cathodic slopes, respectively). The kET value is calculated from 𝑘ET = 

𝛼𝑛𝐹𝜈𝑐

𝑅𝑇
= 

(1-α)F𝜈𝑎

𝑅𝑇
. Two separate Laviron plots were constructed for each half-wave potential: 

Co2+/3+ and Os2+/3+ (Supporting Information Figure 6.1). 
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Supporting Information Figure 6.1) Laviron plot for Co-Os ECM: for the half-wave potential of (A) 

Os, (B) Co. 

6.2 Electrochemical Impedance Spectroscopy 
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Supporting Information Figure 6.2) Co-Os ECM (A) Nyquist plot, and (B) Randles plot. 
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6.3 Color Coordinates 

Supporting Information Table 6.1) Color coordinates of Os ECD in colored and bleached states under 

different illumination. 

Illuminant λ, nm 
Colored Bleached 

L a b L a b 

415 12.51 39.51 -53.67 13.28 42.37 -58.28 

450 18.85 41.63 -52.82 20.69 44.62 -58.05 

505 7.31 -4.06 -2.46 26.32 -26.56 7.92 

530 3.38 -1.27 0.86 19.81 -28.79 24.14 

545 2.33 -2.12 1.78 20.55 -30.26 27.86 

590 51.42 73.94 64.54 71.39 32.57 76.32 

660 59.19 65.90 45.86 76.70 26.15 36.51 

white 8.70 22.17 5.84 29.14 21.32 39.15 

Supporting Information Table 6.2) Color coordinates of Co-Os ECD in colored and bleached states under 

different illumination. 

Illuminant λ, nm 
+3 V -1 V 

L a b L a b 

415 21.37 51.60 -73.13 24.14 54.89 -78.21 

450 21.50 51.21 -72.91 23.18 53.47 -76.20 

505 14.16 -13.32 -1.97 31.81 -29.22 7.31 

530 11.31 -18.83 11.81 28.78 -36.52 33.01 

545 11.14 -20.42 14.89 34.73 -42.00 40.45 

590 56.58 70.89 68.25 77.10 20.17 72.70 

660 60.05 63.77 45.19 78.33 23.66 37.52 

white 30.64 29.77 -18.08 45.21 3.97 15.90 
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A7. Chapter 7 Supporting Information 

7.1 Supporting Information 

 
Supporting Information Figure 7.1) Raman of the electrochromic WEs. Inset: Enlarged area of the high-

frequency region. (b) Raman spectra of the Me-WEs prepared with different reaction times. Inset: UV -Vis 

diffuse reflectance spectra of the Me-WEs prepared with different reaction times. 

Supporting Information Table 7.1) RGB and L*a*b*values, colour, hue and colour differences (CDs) of 

electrochromic materials. 

Material R G B L* a* b* Colour/hue CD 

ITO50-WE 176 174 117 70.5 -9.5 29.7 Pavlova/yellow - 

Fn-WE 25 55 73 21.65 -4.69 -14.84 Regal blue/blue 66.3 

iPr-WE 40 86 77 33.23 -18.13 -0.01 Evening Sea/green 48.4 

Pyr-WE 45 50 44 20.13 -3.46 2.79 Oil/grey 57.4 

Me-WE 34 72 65 27.73 -15.42 -0.35 Burnham/green 52.6 

Me-WE (24h) 25 80 69 30.34 -20.81 0.82 Tiber/green 50.7 

Me-WE  (72h) 32 92 70 31.31 -20.01 1.62 Green Pea/green 49.3 

 

 
Supporting Information Figure 7.2) AFM topographic images and the corresponding AFM line profiles of 

ITO screen-printed working electrodes (ITO-WE) at different magnifications. (a) 100 μM, (b) 30 μM, (c) 15 

μM. See Figure 7.2A of main text for AFM image under magnification of 5 μM. 
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Supporting Information Figure 7.3) Typical X-ray photoelectron spectra demonstrating N1s and Fe2p regions 

of (a-b) Fn-WE, (c-d): Me-WE, (e-f) iPr-WE, and (g-h): Pyr-WE. 

The surface packing was calculated applying Supporting Information Equation 7.1 

where linear regression of the plot of peak potential (ip) versus sweep rate (ν) gives a slope 

solved for Γ and A is the surface area, n is the number of electrons transferred in the 

Faradaic process, T is the temperature in Kelvin, R is the gas constant, and F is the Faraday 

constant (SI Figure 7.2B-7.5B).8 

Supporting Information Equation 7.1)  𝑖𝑝 =
𝑛2𝐹2

4𝑅𝑇
𝜈𝐴Γ 

The Laviron method for kET measured CVs at very fast sweep rates leading to a linear 

shift of the peak potentials (overpotentials) based on the Butler-Volmer model. On a plot 

of the peak potential versus the logarithm of the sweep rate, kET was calculated using the 

slopes of this linear region for both the anodic and cathodic regions (sa and sc). An 

equivalency parameter α was calculated using the slopes as per SI Equation 7.2, followed 

by the electron transport constant using SI Equation 7.3 where νa and νc are the scan rates 

in which the linear fits of the anodic and  cathodic branches intersect the log ν axis (SI 

Figure 7.2D-7.5D).8-9 

Supporting Information Equation 7.2)   𝛼 =
𝑠𝑎

𝑠𝑎−𝑠𝑐
 

Supporting Information Equation 7.3)   𝑘𝐸𝑇 = 𝛼
𝑛𝐹𝜈𝑐

𝑅𝑇
= (1 − 𝛼)

𝑛𝐹𝜈𝑎

𝑅𝑇
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Supporting Information Figure 7.4) Fn-WE (a) CVs, and CV peak current versus (b) sweep rate and (c) root 

sweep rate. (d) Laviron plot of the CV overpotentials for scans up to 1600 mV/s. 
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Supporting Information Figure 7.5) Me-WE (a) CVs, and CV peak current versus (b) sweep rate and (c) root 

sweep rate. (d) Laviron plot of the CV overpotentials for scans up to 1600 mV/s. 
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Supporting Information Figure 7.6) iPr-WE (a) CVs, and CV peak current versus (b) sweep rate and (c) root 

sweep rate. (d) Laviron plot of the CV overpotentials for scans up to 1600 mV/s. 
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Supporting Information Figure 7.7) Pyr-WE (a) CVs, and CV peak current versus (b) sweep rate and (c) root 

sweep rate. (d) Laviron plot of the CV overpotentials for scans up to 1600 mV/s. 

The series capacitance (C) was calculated using SI Equation 7.4 to form the capacitance 

plots (SI Figure 7.6B-7.9B) at the same bias potentials as used in the Nyquist plots, where 

ω is the angular frequency calculated from the applied frequency (f) using the relationship 

𝜔 = 2𝜋𝑓. 

Supporting Information Equation 7.4)   𝐶 = −
1

𝜔𝑍"
 

To calculate the Faradaic capacitances of the ECMs, SI Equation 7.5 is applied where CF 

is the capacitance at the redox potential, Cdl is the capacitance at the double layer bias 

potential, and CT is the total capacitance.13 
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Supporting Information Equation 7.5)   𝐶𝐹 = 𝐶𝑇 − 𝐶𝑑𝑙  

The diffusion coefficients were determined beginning with a plot of real impedance 

measured at the redox potential (Z’F) versus the square root of the angular frequency (ω-

1/2) (SI Figure 7.6C-7.9C). This gives a linear region at low frequencies that follows the 

relationship SI Equation 7.6, where σ is the Warburg coefficient. 

Supporting Information Equation 7.6)   𝑍𝐹
′ =

𝜎

𝜔1/2 

From this, the diffusion coefficient (D) was calculated where C* is the electrolyte 

concentration.24-25 

Supporting Information Equation 7.7)   𝜎 =
𝑅𝑇

𝑛2𝐹2𝐴√2
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Supporting Information Figure 7.8) Fn-WE EIS plots: (a) Nyquist, (b) capacitance, and (c) Randles. 
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Supporting Information Figure 7.9) Me-WE EIS plots: (a) Nyquist, (b) capacitance, and (c) Randles. 
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Supporting Information Figure 7.10) iPr-WE EIS plots: (a) Nyquist, (b) capacitance, and (c) Randles. 
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Supporting Information Figure 7.11) Pyr-WE EIS plots: (a) Nyquist, (b) capacitance, and (c) Randles. 
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Supporting Information Table 7.2) RGB and L*a*b*values, colour, hue and colour differences of 

electrochromic devices. 

Device State R G B L a b Colour/hue CD 

Fn-ECD colored 7 37 45 12.97 -7.62 -8.79 Cyprus/green 42.8 

bleached 95 97 53 39.98 -7.95 24.41 Verdigris/grey 

Me-ECD colored 36 70 64 27.09 -13.97 -0.61 Burnham/green 42.2 

bleached 134 126 68 52.29 -5.23 32.05 Highball/green 

iPr-ECD colored 42 74 70 28.98 -12.75 -1.72 Te Papa Green/green 42.3 

bleached 132 130 69 53.28 -8.22 32.67 Highball/green 

Pyr-ECD colored 67 81 58 32.66 -10.28 11.41 Mallard/green 29.4 

bleached 132 119 59 50 -3.06 34.04 Highball/green 
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Supporting Information Figure 7.12) Selected electrochemical/spectroelectrochemical characterization of 

solid-state electrochromic devices (ECDs), 2 electrode cell (Li+ gel electrolyte, TiO2 on ITO/glass CE). (a) 

CVs of ECDs (at 50 mV/s) and change in UV-vis for (b) Fn-ECD, (c) Me-ECD, (d) iPr-ECD, and (e) Pyr-

ECD. 

The coloration efficiency (η) was hereby calculated using the method described by 

Fabretto et al. where 𝜂 =
Δ𝑂𝐷

𝑄
 and Q is the charge density.26 
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Supporting Information Figure 7.13) Coloration efficiency as determined using 0 and 2.3 V holds for the 

quaternized ECDs: (a) Fn-ECD, (b) Me-ECD, (c) iPr-ECD, and (d) Pyr-ECD (Li+ gel, TiO2 on ITO/glass 

CE). 
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Supporting Information Figure 7.14) Coloration efficiency as determined using 0 and 3 V holds for the 

quaternized ECDs: (a) Fn-ECD, (b) Me-ECD, (c) iPr-ECD, and (d) Pyr-ECD (Li+ gel, ITO/glass CE). 

For optical memory determination experiment, a 30 s pulse (separately for each 

potential) was applied to the ECD. When the pulse was over, the circuit was was opened-

up and the change in absorbance was measured as a function of time. 

 
Supporting Information Figure 7.15) Determination of the optical memory for (a) Fn-ECD, (b) Me-ECD; (c) 

iPr-ECD; (d) Pyr-ECD. 
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A8. Chapter 8 Supporting Information 

 
Supporting Information Figure 8.1) TGA in air of [Co(L)2](BF4)2, [Os(L)2](PF6)2 and [Fe(L)2](BF4)2 

compared to the ligand.  Note that TGA results for [Fe(L)2](BF4)2 has previously been published by our 

group.16 

 
Supporting Information Figure 8.2) Selected EIS characterization of bare ITO-50 WE in 3 electrode cell: (a) 

CV, (b) Nyquist, (c) capacitance, and (d) normalized capacitance plots. 

 
Supporting Information Figure 8.3) Selected EIS characterization of Fe-ECWE in 3 electrode cell: (a) CV, 

(b) Nyquist, (c) capacitance, and (d) normalized capacitance plots for (e) Randles plot 

 
Supporting Information Figure 8.4) Selected EIS characterization of Co-ECWE in 3 electrode cell (a) CV, 

(b) Nyquist, (c) capacitance, and (d) normalized capacitance plots, (e) Randles plot. 

 

Supporting Information Figure 8.5) Selected EIS characterization of Os-ECWE in 3 electrode cell (a) CV, 

(b) Nyquist, (c) capacitance, and (d) normalized capacitance plots, (e) Randles plot. 
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Supporting Information Figure 8.6) The change in absorbance upon application of the potential for: (a) Fe-

EESD, (b) Os-EESD (c) 3M-EESD. 

 

Supporting Information Figure 8.7) CVs (100 mV/s) of the Fe-, Os- and Co-EESDs. 

 
Supporting Information Figure 8.8) Fe-EESD GCD curves for 5 cycles with simultaneous UV-Vis 

absorbance measurements. 

 
Supporting Information Figure 8.9) Os-EESD GCD curves for 5 cycles with simultaneous UV-Vis 

absorbance measurements. 

 
Supporting Information Figure 8.10) Co-EESD GCD curves for 5 cycles at different current densities. 

 
Supporting Information Figure 8.11) 3M-EESD GCD curves for 5 cycles at different current densities with 

simultaneous UV-Vis absorbance measurements. 
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Supporting Information Figure 8.12) 3M/TiO2-EESD GCD curves for 5 cycles at different current densities 

with simultaneous UV-Vis absorbance measurements. 

 

Supporting Information Figure 8.13) Long-term GCD curves of 3M/TiO2-EESD run at 0.06 mA/cm2. 

The energy density (Wh/kg) was calculated using the following equation:25 

Supporting Information Equation 8.1) 𝐸 =
𝐶𝑆(∆𝑉)2

7.2
 

where ΔV is the potential difference, and CS the specific capacitance (F/g). 

The power density (W/kg) was then calculated using the following equation: 

Supporting Information Equation 8.2) 𝑃 =
3600𝐸

∆𝑡
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