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Summary 

The advancement in the technological world has boosted the innovation of 

applications with smart functionalities. The inception of materials whose characteristics 

may be reversibly changed by an external input has therefore become a research hotspot 

in recent years. Particularly, electrochromic materials have the ability of changing their 

color in response to an electric voltage. The control of light transmittance or absorption 

of materials can contribute significantly to applications like electrochromic displays, 

smart windows, antiglare rear-view mirrors, and more recently, in colorimetric 

biosensors. The current PhD thesis describes the electrochomic response of molecules 

that show “true electrochromism”, such as poly(3,4-(propylenedioxy)thiophene and 

Prussian Blue, as well as “electrochromism with memory”, such as spiropyran and 

diarylethene molecular switches. Finally, this thesis shows, as a proof of concept, the 

design and fabrication of more ecofriendly electrochromic displays and sensors. 
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Resumen 

El avance en el mundo tecnológico ha impulsado la innovación de aplicaciones con 

funcionalidades inteligentes. Por lo tanto, la creación de materiales cuyas características 

pueden cambiar de manera reversible por una estímulo externo se ha convertido en un 

tema de investigación en aumento en los últimos años. En particular, los materiales 

electrocrómicos tienen la capacidad de cambiar de color en respuesta a un voltaje 

eléctrico. El control de la transmisión de luz o la absorción de materiales puede contribuir 

significativamente a aplicaciones como pantallas electrocrómicas, ventanas inteligentes, 

espejos retrovisores antideslumbrantes y, más recientemente, en biosensores 

colorimétricos. La tesis doctoral actual describe la respuesta electrocrómica de 

moléculas que muestran “electrocromismo verdadero”, como el poli(3,4-

(propilendioxi)tiofeno y el Azul de Prusia, así como “electrocromismo con memoria”, 

como los interruptores moleculares de tipo espiropirano y diarileteno. Finalmente, esta 

tesis muestra, como prueba de concepto, el diseño y fabricación de pantallas y sensores 

electrocrómicos más respetuosos con el medioambiente. 
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1. Introduction 

1.1. Dynamic-Smart systems. From color changing properties to smart 
applications  

Dynamic systems found in nature that reversibly change their properties in 

response to environmental stimuli have captivated the interest of the scientific 

community. Some examples are chameleons change color 1, bacterial heat-shock and 

flagellar motion 2, the opening/closing of pine-cones in response to relative humidity 3, 

self-healing properties of tissues in living organisms 4, and the contraction/dilatation of 

eye pupils for light modulation 5. Such systems have been the driving force behind the 

development of novel bioinspired materials and applications that aim to mimic nature’s 

behavior. Figure 1.1. 

 

Figure 1.1. Examples of current materials and applications with dynamic or smart functionalities 
bioinspired by systems found in nature.  

The main advantage of using dynamic systems over static-type materials is the 

possibility of a very precise external modulation of their properties by turning them ‘ON’ 

or ‘OFF’ like a switch. For this reason, an increasing amount of research is being done 

to develop compounds with improved and optimized dynamic properties 6–9. Figure 1.2. 
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Figure 1.2. Total number of articles over time on molecules and materials with switching properties in 
response to external changes. (Source: Scopus.com). 

In this regard, Smart Materials (SMs) emerged as a class of dynamic systems 

because they selectively vary some of their properties in response to a stimulus or 

change in the environment in a controllable and reversible way. Some of the features 

that distinguish them from classic and static materials are i) stimulus specificity, (i.e., a 

change to some of the material’s properties in response to a single type of stimulus); ii) 

response consistency, showing the same switching behavior after successive exposures 

to changes in the environment; iii) multi-stimuli response capacity, being able to respond 

to different stimuli causing the material to vary its states; iv) Immediacy, the response 

must be fast 10. 

The fancy qualities of SMs have led to a rise in the development of devices and 

systems with smart functionalities that are able to change their properties when 

subjected to external stimuli. As a result, new technologies and applications based on 

this principle are gaining popularity in fields such as material engineering (e.g. shape-

memory alloys or magneto-rheological fluids) 11, wearable sensors (e.g. for in situ 

glucose detection) 12, actuators (e.g. artificial muscles) 13, nanorobotics and medicine 

(e.g. targeted drug delivery systems) 14–16. 

Stimuli to which they might respond include temperature, mechanical stress, strain, 

hydrostatic pressure, magnetic fields, electric currents, pH, and chemicals 17,18. Similarly, 

responses vary greatly depending on the characteristics of the materials. These include 

changes in size, shape, wettability, viscosity, electric or magnetic field formation and 

color. 

Hence, there is a plethora of ways to categorize SMs, and the main ones are 

illustrated in the following section to provide a clear overview. 
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1.1.1. Types of Smart Materials (SMs) 

Existing SMs not only respond to a broad variety of stimuli but also have very 

different responses depending on their properties. For this reason, they cannot be 

classified under a single definition. Some of the most relevant categories of SMs are 

highlighted below because their properties are of special interest for the development of 

promising applications 19.  

a) Shape memory materials: This category includes those materials that are able to 

change their shape and return to the original one under an external stimulus (e.g. 

heating or mechanical stress). Common examples are some polymers (e.g., 

polytheretherketone, polyurethane) and alloys (e.g., NiTi, CuZnAl). There are 

different ways in which a material can present the shape memory effect. Polymers 

typically operate by heating, taking advantage of their glass transition temperature 

(Tg), above which they change from their crystalline (rigid) phase to the amorphous 

(flexible) one. Before heating, the structure is frozen, and the material remains static. 

However, when heated, the rotation around the segment bonds becomes less 

obstructed, and the material becomes amorphous and viscoelastic. In this situation, 

the shape can be deformed and frozen again into the desired shape by decreasing 

the temperature below Tg 20. Similarly, shape-memory alloys that respond to 

temperature have two different crystal structures or phases, the martensite phase 

(that exists at low temperatures) and the austenite phase (which appears at higher 

temperatures), which can be reversibly accessed when heated/cooled. While the 

martensite phase allows shape deformation, when the alloy is heated and the 

austenite phase is reached, the materials recover the same shape as before the 

deformation 21. 

b) Piezoelectric materials. These materials convert a mechanical energy into an 

electrical signal and vice versa because of a crystal lattice asymmetry. The effect is 

reversible and only occurs in non-conductive materials such as quartz, SiO2. In this 

case, the charge is balanced in the crystal lattice but when a mechanical stress is 

applied, the asymmetric lattice is deformed, forming positive and negative located 

dipole moments, so that the charges no longer cancel one another out and net 

positive and negative charges appear on opposing crystal faces. In that condition, a 

voltage has been produced or a current flows through the crystal 22.  

c) Magnetorheological materials (MR): The exposure of this class of material to a 

magnetic field produces a change to some of its rheological properties (e.g. stress 
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and viscosity) or shape. The process is bidirectional, so the case can also arise 

whereby the external application of a magnetic field causes the shape of the material 

to be altered, as well as some of its rheological properties. Materials included in this 

category generally consist of composites based on nano or micro sized magnetic 

fillers contained in a carrier matrix. Carbonyl iron particles are ideal candidates to 

prepare MR materials. Depending on the physical state and the type of carrier matrix 

that contains the ferromagnetic particles, these are classified as MR fluids, 

elastomers or gels. In MR fluids, the presence of an external magnetic field provokes 

a change in the material from a Newtonian-like fluid to a semi-solid non-Newtonian 
23. In MR elastomers, magneto-responsive fillers are embedded in the polymer 

matrix, enabling control of the shear modulus. Exposure of the material to an external 

magnetic field when curing the polymer allows for preorganization and alignment of 

the structure, promoting anisotropy 24. Eventually, the preorganization of the structure 

determines the field-dependence of the mechanical properties. MR gels have a 

viscoelastic phase from solid-like to liquid-like under the influence of a magnetic field. 

The particles tend to align in the direction of the magnetic field with a consequent 

increase in internal stress and hence, the rheological properties change 23,25. 

d) Chromic materials. The color of chromic materials is sensitive to environmental 

variations such as temperature, pH variation, chemical components, pressure, 

electric potential, etc. The presence of one stimulus leads to a structural or electronic 

change that in turn provokes an electronic transition with an energy gap that fits in 

the visible electromagnetic spectrum. As result, a color change is observed. This 

category of SM is discussed in depth in the following section. 

Figure 1.3. Outlines the most common uses of the different classes of SMs. 
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Figure 1.3. General classification of the most relevant smart materials and their fields of application. 

Among all the categories summarized above, materials that change color are of 

special relevance since their response is simple to read and detect with the naked eye 

Chromic phenomena endow materials with unique qualities for use in a wide variety of 

applications to solve many human needs, all of which can contribute to overall well-being. 

This doctoral thesis therefore focuses on the study of different materials and compounds 

with chromic properties. 

1.1.2. Chromic Materials. The origin of color and classification 

This section provides an explanation of the color changing phenomena, as well as 

an overview of the currently available compounds with chromic characteristics that are 

currently available, as well as an explanation of the color changing phenomena and their 

most common uses. 

The origin of color in materials is the result of specific electronic transitions that 

occur at the molecular level. In general terms, when the energy gap between the highest 

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

(LUMO) is in the visible range (from 3.26 eV (380 nm) to 1.55 eV (800 nm)), molecules 

present color.  

The phenomenon is observable in those molecules that show any of the electronic 

transitions listed below, depending on the chemical nature.  
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a) d-d transitions occur between molecular orbitals (MOs) that are mostly metallic, such 

as certain inorganic complexes. Figure 1.4.a) 

b) Charge transfer (CT) transitions are observable in organometallic complexes where 

an electron is transferred between metal and ligands (the ligands must be π-donors 

or π-acceptors). It can also occur in metal oxides where the color changes through 

intervalence charge transfer induced by an applied potential. Figure 1.4 a) 

c) Some organic molecules typically have double bonds or unsaturated systems with 

pi-electron and heteroatoms with non-bonding valence-shell electron pairs. This 

generates π - π* electronic transitions (e.g. C=C and C≡C groups), π - π* 555 and 

n- π * (e.g. C=O and N=O), and n- σ* electronic transitions (e.g. I-C and Br-C) (Fig. 

1.4b). However, isolated functional groups result in high-energy electronic 

transitions, in the B-UV spectroscopic range, which is invisible to the naked eye. Only 

molecules with conjugated bonds significantly decrease the energy gap between 

HOMO-LUMO levels in such a way that the gap energy couples to the visible 

wavelength region. The energy levels cease to be discrete in highly conjugated 

systems (e.g., polymers) due to the overlapping of the MOs (Fig. 1.4c). Thus, 

electronic bands (conduction band (CB) and valence band (VB)) are formed and 

therefore the color change is given by the electron excitation between the HOMO 

and LUMO bands. Figure 1.4. b) and c). 

d) Plasmonic effect: The color of some nanoparticles (NPs) is due to the coupling 

between the incident electromagnetic field and the oscillation energy of free electrons 

on the surface of the material (Figure 1.4. d)). 
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Figure 1.4. Electronic transitions that can cause the origin of color in different molecules a) inorganic 
or organometallic complexes b) organic molecules c) organic polymers and d) interaction of NPs with 
light. 

In the case of color-changing molecules, the external stimulius causes a 

modification in the energy gap because of the previously described 

stabilization/destabilization of HOMO-LUIMO electronic states. Accordingly, a different 

color will be observed. Examples of color changing molecules include those that undergo 

an isomerization process, a change in oxidation state, the formation of complexes, or 

photocyclation, among others 26–29 . 

Conventionally, compounds with chromic properties present a controlled color 

change when exposed to an external stimulus such as an electrical potential 

(electrochromic), light (photochromic), temperature (thermochromic), pH change 

(halochromic), ions (chemochromic), application of magnetic field (magnetochromic), 

mechanical stress (piezochromic), radiation (radiochromic) or change in medium polarity 

(solvatochromism). In addition, the process is reversed to its initial coloration under 

exposure to a source or stimulus other than the initial one. Hence, depending on the 

external condition to which it is exposed, the material will shows one coloration or another 

as many times as the stimuli change 30. 

Quantification of the coloring process is of special relevance when assessing the 

efficiency of chromic molecules. First, color is determined by the wavelength at the 
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maximum absorption value (λmax) of the electromagnetic spectrum in the range from 380-

870 nm. Contrast ratio is measured at a fixed wavelength and is defined as the 

percentage of light reflected by the material when it is in the colored form compared to 

the bleached state. Coloration efficiency (η) is the change in absorbance as a function 

of the total charge used for the color change process. Response time is the time needed 

to generate 90-100% of the colored (or bleached) form. Finally, fatigue resistance 

indicates the percentage of material that can be converted to its colored form again (and 

vice versa) after a high number of conversions. Thus, depending on the application for 

which the compound is intended, the requirements in terms of chromic features are 

defined differently. As proof, whereas electrochromic displays require short response 

times (in the range of ms), smart windows accept response times of several seconds 
31,32. 

1.1.3. Applications of chromic materials 

The ability to induce color change in such a wide variety of ways by means of 

different stimuli makes these compounds highly versatile and interesting from a 

technological point of view. Hence, a large body of scientific research is focusing today 

on both, the synthesis of new and improved compounds, and the design of molecules 

with multifunctionalities 33–35. Equally important is the development of technologies to 

produce factual applications (e.g. physical or chemical vapor deposition, 

electrodeposition, screen-printing, inkjet, 3D printing, etc.) 36. Meanwhile, other 

strategies entail the development of hybrid materials or composites that are decorated 

with chromic molecules (e.g. chemical modification of particles such as silica NPs or 

incorporation of chromic molecules in solid-gel like matrices). This approach helps with 

the subsequent production stage 37–39. 

Depending on the type of responsiveness, as well as the nature of the stimulus, 

applications are developed for very different applications with different functionalities. 

Representative examples of current applications include data storage devices and 

memory systems arising from the reversible coloring of electrochromes activated via 

electricity, which permit access to an ‘ON’ and ‘OFF’ state 40. There are also 

commercially available electrochromic smart devices such as anti-glare rear-view mirrors 

(Gentex ®) 41,42, electrochromic glasses and price tags 43. Special mention should be 

given to the development and improvement of ‘smart windows’, which are still under 
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development but have a direct impact on environmental and energy efficiency 

(SageGlass View, Inc. ®) 44,45. 

 In turn, photo-controllable molecules have had a greater impact on medical 

research since they can use light, for example, to trigger drug release at the desired 

target. This ability to control the properties of materials with minimally invasive tools such 

as light is a very promising strategy in studied with biological systems. Hence, different 

photochromic compounds (e.g., azobenzenes, diarylethenes, spiropyrans, among 

others) are used to functionalize nanoparticles, liposomes, polymers or micelles so that 

the drug release at target sites is improved in a controlled manner, enhancing their 

therapeutic efficiency while minimizing side effects 46–48. 

Although the most implemented applications to date are those induced by electricity 

and light due to their simplicity of access and control, thermochromic properties are also 

being exploited in applications such as smart windows and colorimetric thermometers 49. 

Thermochromic materials can also be used as smart labels to detect possible alterations 

that have occurred during food preservation, i.e., the break-up of the cold chain, for food 

preservation as well as to control and monitor temperature in routine industrial processes 
49. Aside from these examples, applications based on halochromic and chemochromic 

features have also been used in the development of colorimetric sensors. For example, 

these compounds have been used for naked-eye detection of heavy metals such as Co2+ 

and In3+, or even to modify surfaces for detection and identification of a series of metal 

cations (Cu2+, Ni2+, Fe3+, Hg2+, Zn2+, Mg2+) 50–52. 

Finally, upcoming fancy applications such as reusable and wearable sensors are 

of special interest since they would revolutionize technology in several fields, and 

especially in the medical healthcare, due to their easy handling, low production cost and 

small and more transportable size. This would imply greater access to this technology 

worldwide.  

Part of this thesis particularly focuses on the study of compounds with 

electrochromic properties because they offer the possibility of controlling and 

implementing electrical circuits in devices and enable high precision and control by 

means of an electrical potential or current intensity. It should be noted that some of the 

molecules studied herein not only have electrochromic features, but they are also 

sensitive to different stimuli (such as light and pH), which are also known as multistimuli 

responsive molecules. However, they all share the common factor of responding to 

electric potential. This doctoral thesis specifically aims to develop and study multistimuli 
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chromic compounds for the manufacture of colorimetric sensors and electrochromic 

displays. The following section, therefore, presents a classification of the most relevant 

electrochromic materials. 

1.2. Electrochromic Molecules (EC) 

The first electrochromic phenomena were observed one century ago in materials 

such as wolframium tungsten oxide, WOx. However, it was not until 1961 that the term 

'electrochromism' was first defined 53,54. Since then, our understanding of this 

phenomenon has expanded and an increasingly significant number of new 

electrochromes have appeared. 

A first categorization is provided in this thesis, which includes substances with so-

called ‘true' electrochromism and electrochromism with ‘memory’. Figure 1.5. This first 

category refers to substances that modify their color because of a change in oxidation 

state caused by the application of an electrical potential. In this thesis, the particular case 

of Prussian Blue (PB) and a ProDOT electrochromic polymer (ECP) will be discussed 

and detailed since they have been used and studied for the design of different 

applications and belong to the family of compounds with ‘true’ electrochromism. 

Less conventionally, this thesis includes a second group of compounds known as 

molecular switches (MS) that are presented as a new generation of electrochromic 

compounds and are examples of electrochromism with ‘memory’, whereby the change 

in color is given by the modification of the conformation or chemical structure of the 

molecule. The use of MS would confer multifunctionality to materials since, in some 

cases, they are reversibly returned to its initial structure by a second stimulus that is 

different from electric potential, for example light. Examples that belong to this family and 

are studied in this doctoral thesis are spiropyrans and diarylethenes MS.  
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Figure 1.5. Classification of electrochromic families depending on the type of electrochromism they 
present. In = input. In 1 and 2 do not necessarily have to be of the same nature. For example, In1= 
electricity and In 2= light. 

 

1.2.1. Molecules with ‘True’ Electrochromism 

The main categories of compounds exhibiting "True" electrochromic characteristics 

and the main uses for which they are employed are briefly described below. However, 

for Prussian Blue and ProDOT types, a more detailed description is provided since they 

are the ones studied in this thesis. 

Table 1.1. summarizes the main features of different EC with ‘true’ 

electrochromisms as well as the main applications they can be used for. 



Table 1.1. Types of Classic Electrochromes. Advantages and main drawbacks of each type of compound as well as their principal uses in applications. 

Compound Examples Advantages Disadvantages Main applications 

Transition metal oxides 
(TMO) 

WO3, NiO, MoO3, V2O5 

Robustness 
Low potential 
High contrast 
Modification of large surface areas 

Little variety of color change: from 
bleached to blue-grey range. 
Costly deposition processes (CVD, 
PVD, thermal deposition...)  
Limited solubility 

Smart windows for efficient 
buildings and displays 55 

Metal complexes [MII(bpy)3]2+ (M = Fe, Ru, Os; 
bpy = bipyridine derivatives) 

Intense coloration 
Capability of one single molecule switching 
between three primary colors.  
Broader variety of colors 
Hybrid polymer-metal complexes to 
facilitate electrochemical film formation 

Mechanical problems associated to 
film formation. 
Electrodeposition limited by small 
surfaces of electrodes  

Colored flexible displays 56,57 

Organic molecules Viologens, carbazole, 
triphenylamine... 

Color  tuning depending on the 
substituents 
Fast response time and high contrast ratio 
High coloration efficiency and fast 
switching 

Electrochromic performance in 
solution or entrapping of molecules 
in membranes or nanostructured 
platforms 
Synthesis and purification steps. 
Use of toxic solvents  

Redox flow systems 58  

Plasmonic EC  Ag, Bi, Cu, Ni, Mg NPs Low electrical voltage 
Color  tuning 

The color depends on fine control of 
NPs (size, shape…) 
Poor long-term stabilization 
(aggregation) 

Electronic paper and smart 
windows 59,60 

Prussian Blue (PB) Fe4
III[FeII(CN)6]3 

Low reduction potentials 
Robustness 
Mediator 

No option of color  tuning 
Optical and Electrochemical 
Biosensors 61–63 

Electrochromic 
Polymers (ECPs) 

polyaniline (PANI), poly-pyrrole 
(PPy) polythiophenes (PThs),  
poly(3,4-
ethylenedioxythiophene) 
(PEDOT) and derivatives 
(PXDOT) 

Cost-effective 
Different coloration depending on the redox 
state (multicolor) 
High contrast ratio 
High coloration efficiency and fast 
switching 
Fabrication of flexible devices. 

Synthesis and purification stages. 
Use of toxic solvents 
Poor conductivity of polymer films 
and stability 

Multicolored Flexible 
displays 64 
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Transition Metal Oxides (TMO): TMO films can be electrochemically switched to 

a non-stoichiometric redox state, which has an intense electronic absorption band due 

to intervalence charge transfer. Typically, transition metals such as cerium, chromium, 

cobalt, copper, iridium, iron, manganese, molybdenum, nickel, niobium, palladium, 

rhodium, ruthenium, tantalum, titanium, tungsten, and vanadium are combined in the 

form of oxides and present a coloration switching behavior from bleached to blue-grey. 

This class of oxides has been widely used since they were the first compounds with 

electrochromic properties to be discovered. Their main advantages include the low 

reduction potential to access the bleached state from their colored form and vice versa, 

as well as their major stability after consecutive color switching cycles. TMOs have gone 

on to be implemented in different applications, the most relevant being smart windows, 

through film deposition techniques, e.g., such as Physical Vapor Deposition (PVD), 

among others, which enable the homogeneous modification of large surface areas 65,66. 

The chemical reactions implied in the electrochromic process of the most common TMOs 

are depicted in Scheme 1.1. 

 

Scheme 1.1. Electrochemical reactions implied in the color change of some TMOs. X represents H+ 

or Li+. 

Metal complexes: The vivid coloration of this class of molecule arises from metal 

to ligand (MLCT) charge transfer, of ligand-centered transitions (LC) or metal-centered 

transitions (MC). As a result, they present different strong electronic absorptions in the 

visible and NIR spectra that are directly dependent on the redox states of both metal 

centers and ligands. Thus, palette color varies greatly depending on the specific 

electronic contribution of both ligand and metallic centers. In this case, colors very often 

go from red, to orange or green. Because these electronic transitions involve valence 
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electrons, spectroscopic features are changed or lost when a complex is oxidized or 

reduced so color can be electrochemically controlled. 

Popular examples included in this category are based on transition-metal 

complexes where a metal center (MII, such as Fe, Ru, Os) is coordinated with bipyridyl 

or bipyridyl derivative ligands. A notable example is [Ru(4-bpy)3]2+ , which is known to 

present an intense reddish-orange coloration that becomes green when it is oxidized to 

[Ru(4-bpy)3]3+. Scheme 1.2. 

 

Scheme 1.2. Electrochromic conversion between [Ru(4-bpy)3]2+ and [Ru(4-bpy)3]3+ metallocomplex. 

Despite the promising spectroscopic and redox properties of metal complexes for 

ECD, their use in liquid phase limits their expansion. Hence, alternatives such as the 

polymerization of metal complexes through their organic ligands are being widely 

explored for their potential utilities in ECD applications. For instance, [Ru(4-vinyl-4’-

methyl-bpy)3]2+ can polymerize through vinyl groups upon electrochemical reduction to 

form films. The injection of electrons generates radicals that initiate the carbon-carbon 

bond formation and polymerization. When the polymer is oxidized, the color of the film 

eventually changes. This strategy is highly promising from the point of view of ECD 

manufacture because it can be used to produce multicolored flexible devices. However, 

it is limited to polymerization on small areas and requires conductive substrates 57,67.  

Organic molecules: The key class of compounds to emphasize in this category 

are viologens, 4,4’-bipyridinium dications in the form of salts that undergo a reversible 

reduction accompanied by a color change from transparent to deep blue (the radical 

cation form) and pale color after a subsequent reduction (the neutral form). Scheme 1.3. 

The simplicity of varying the substituents in the quaternary ammonium position means 

they can be chemically modified in a wide variety of manners, and therefore their 

properties such as solubility and color tuning. Other less widespread examples but that 

also have electrochromic properties are carbazole, dimethylteraphtalate, diacetyl 

benzene, biphenyl dicarboxylic acid diethyl ester and triphenylamine 68. The benefits and 
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disadvantages of EC organic molecules are very similar to metal complexes. The color 

change of the species can easily be tuned by modifying the compounds with functional 

groups of a more electron-donor or electro-withdrawing nature. Ideal chromic properties 

are shown by EC organic molecules such as good color contrast, fast responses, and 

robustness. However, processability is the limiting factor of using single EC organic 

molecules and requires the development of strategies for implementation in factual 

applications (e.g. entrapment in matrices, polymerization on conductive substrates, etc.) 

 

Scheme 1.3. Electrochemical reduction and reversible oxidation of 4,4’-bipyridinium dications and its 
corresponding color changes. 

Prussian Blue (PB): Fe4
III[FeII(CN)6]3 · nH2O (n = 14-16), is the most popular 

cyanometallate system and is considered one of the first synthetic pigments, having been 

produced in 1704 by H. Diesbach 69. Initially, PB was widely used as a pigment in paints 

and inks because of its intense blue coloration. However, little was known about its 

electrochromic properties, and nothing was published about them until 1978 70. The 

structure of PB consists of a 3D lattice containing mixed valence iron atoms (Fe2+ in 0.75 

ratio to Fe3+) in a face-centered cubic structure whose cavities are 3.2 Å. Potassium 

cations and water molecules are known to be present within the pores of the framework 

and it has been demonstrated that the electrochromic properties of PB are caused by 

the insertion/depletion of K+ in the cavities. The intense blue color of PB arises from the 

intervalence charge transfer (IVCT) between the mixed-valence iron atoms (Fe2+ and 

Fe3+), which generates a large absorption band located at 690 nm. The color changes 

when a reduction potential is applied and causes the incorporation in the structure of four 

extra K+ atoms per unitary cell. In this case, the color drastically bleaches giving rise to 

a colorless Prussian White (PW) structure (colorless). However, when oxidizing PB, a 

palette color from green to yellow is presented. At initial potentials around zero, the color 

is green because of the partial electrochemical oxidation of the PB. At larger potential 

values, the structure establishes neutrality through the oxidation of all iron atoms to Fe3+ 
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and the depletion of all K+ ions. In this case, the color turns yellow due to the formation 

of the Berlin Green (BG) structure and the absorption spectra reveals a peak at 425 nm 

with a substantially lower molar extinction coefficient 71. Figure 1.6. depicts the 

electrochemical process involved and the structure of PB.  

 

 

Figure 1.6. On the top left, cyclic voltammetry of PB in the cathodic scan (reversible reduction of PB 
to PW) and the anodic scan (reversible oxidation of PB to BG). Adapted with permission from ref.72 On 
the top right, electrochemical reactions. At the bottom, BG, PG and PW structures respectively. 
Adapted with permission from ref.73. Copyright 2022 American Chemical Society. 

Currently, significant progress is being made in the use of PB for different types of 

applications such including catalysis in the reduction of O2 and H2O2 for the advancement 

of solar fuel production 74, storage of H2 for energy production 75, production of cathodes 

for sodium batteries 76 and in photochemistry given the photoinduced magnetism of PB 
77. However, there is a field in which the use of PB particularly stands out, namely its 

function as an electron-transfer mediator in biosensors. PB acts as a redox species that 

enables communication between biomolecules and the electrode surface. This property 

has been exploited not only in the development of 1st generation oxidase-based 

electrochemical biosensors but also for the development of optical biosensors given the 

high contrast color produced after the reduction of PB to PW 62. For this reason, the use 

of PB as a sensing compound boosted the design and production of electrodes modified 
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with this material 78. As it will be specified in the following sections, in this doctoral thesis 

PB has been used as an electrochromic transducer in the design of a self-powered 

electrochromic display. 

Conjugated electrochromic polymers (ECP): The electrochromic compounds 

discussed above have been especially useful for developing electrochromic devices 

since they work at low voltages, are robust and have good color contrast. However, one 

of the bottleneck factors of their use is that they do not permit color tuning or address the 

entire spectrum of possible colors. Electrochromic polymers emerged in response to this 

limitation, which are also known for their low production cost. 

Examples of electrochromic polymers are polyaniline (PANI), poly-pyrrole (PPy, 

conducting polymers) and polythiophenes (PThs), among others. 

Typically, polymers with electrochromic properties exhibit an extensive conjugation 

of π bonds in their structure. This enables resonance stabilization when they are oxidized 

(anodically coloring polymers) or reduced (cathodically coloring polymers) and in their 

oxidized or reduced state the charge is balanced with counterions. The energetic 

bandgap between the VB and the CB of the neutral form determines the intrinsic optical 

features. In this field, synthetic polymer chemists are able to fine-tune the pi-electron 

nature of molecules, which in turn allows for the modification of the energy gap and thus 

the color tuning. 

Of particular note relevance among the studies on electrochromic polymers are 

those by the Reynolds’ group, who are pioneers in the synthesis of a whole range of 

ECPs (poly(dioxythiophene)s, poly(3,4-dioxypyrrole)s, polyfluorenes and their 

analogues), thereby covering all colors and demonstrating that it is possible to have 

control over the color of the material 35,79,80. Figure 1.7. Synthesized polymers are also 

highly processable, which solves is one of the main issues of problems the technology 

has had to face. Until now, the vast majority of ECPs were only applicable to devices if 

they could be electropolymerized on the surface of the electrode to form thin-films. It is 

now possible to use compounds formulated in such a way that they dissolve in organic 

or aqueous solvents. Hence, they can be deposited using different techniques such as 

spray coating, inkjet, doctor blading, etc. to print large areas for the manufacture of ECD.  



Electrochromic Molecules (EC) 

20 
 

 

Figure 1.7. PXDOT type polymer derivatives with electrochromic properties designed by Adapted with 
permission from ref.81 Copyright 2011 American Chemical Society. 

The electrochromic characteristics of poly(3,4-(propylenedioxy)thiophene 

(PProDOT), an ECP with a chemical structure that is very similar to the traditional 

PEDOT, have been investigated in this PhD thesis. 

 The difference lies in the fact that the alkylene bridge of PProDOT ishas one more 

carbon larger. This increase in the bridge length impacts the electrochromic properties 

of the compounds since, it has been already demonstrated that It was discovered that 

this bridge plays a key role in the electrochromic properties. It is specifically known that 

the increase of the steric bulk of the dioxepane ring results in better color efficiencies 82. 
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1.2.2. Electrochromism with’ Memory’: Molecular Switches (MS)  

Molecular switches (MSs) are organic molecules or supramolecular systems able 

to modulate an output signal in response to an input stimulation. Thus, a molecular switch 

exists in two stable (or metastable) states (state 0 ‘ON’) and state 1 (‘OFF’)) that 

reversibly interconvert each other by means of specific stimuli (e.g., light, electricity, heat, 

pH, etc.). In the case of electrochromic molecular switches, it is possible to have fine 

control of their UV-Vis spectroscopic properties through the application of an electric 

potential 83. Figure 1.8. 

Figure 1.8 a) Schematic representation of a two-state molecular switch interconversion under an 
external stimulus. b) Potential energy of a bistate molecular switch that exhibits metastable states on 
the ground and excited state that can be accessed when an external input is applied. 

The many different designs of MSs over the years offer the possibility of operating 

in a wide range of ways 84.  

The impact of these compounds on the scientific community has been significant, 

to the extent that J. Fraser Stoddart, Bernard L. Feringa, and Jean Pierre Sauvage were 

honored with the Nobel Prize in Chemistry in 2016 for their work on the design and 

manufacture of molecular switches whose input yields regulate motion 85. 

The advancement of knowledge in this area led to a new era in the construction of 

intelligent materials and molecular machines that can be classified into three main 

categories i) single molecules, which are based on their structural rearrangements, ii) 

supramolecular switches, which are based on reversible non-covalent interactions 

between two or more units, and iii) mechanically interlocked switches, where two or more 

structures are entrapped to each other by means of loops, whereby interlocked broken  
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Figure 1.9. Types of MSs: molecules (example showing azobenzene cis-trans isomerization upon UV 
and visible light), supramolecular (complexation of dibenzylamine with dibenzo[24]crown-8 by means 
of pH modification) and interlocked structures (macrocycle formed by polyethene, TTF and DNP 
interlocked with a CBPQT4+), The oxidation of TTF to TTF2+ leads to a change in the stabilization of 
subunit. Figure adapted with the permission of reference 86. 

molecules cannot be separated. Figure 1.9 a). 

The contributions of J. P. Sauvage in 1980 enabled the synthesis of first inter-

locked molecules by template-driven strategies (template-assisted route), which occurs 

with suitable functionalization of monomeric building blocks. A prominent example is 

phenanthroline -linked with ethylene glycol in the presence of a metal chelation that is 

needed to preorganize the monomer segments and facilitate interlocking. The afforded 

supramolecular structure is the so-called catenane 87.  

Subsequent studies led by J. F. Stoddard in 1988 achieved a synthetic route under 

free-metal conditions for obtaining catenane structures. In this instance, the reaction was 

directed by the non-covalent interactions of functional groups that were intentionally 

incorporated in the molecule. An electron-withdrawing 4’4-bipyridinium moiety and a 

crown ether with electron-donor aromatic substituents resulted in C–H…π and C–H…O 

non-covalent interactions that enabled the strategic, preorganization, and stabilization 

and approximation of the monomeric segments, obtaining high synthetic yields. 

Nowadays, it is not only possible to synthetize a [2]-catenane (one crown ether 

interlocked with one bis-bipyridinium macrocyle) but also [5]-catenane and [7]-catenane 

with five and seven macrocycles respectively interlocked in series 88. Following the same 
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donor-acceptor driven strategy, it is possible to obtain molecular architectures known as 

rotaxanes, where a macrocycle is threaded around a linear-shaped molecule as an axis. 

Rotaxanes can be synthetized with different interactive sites in order to enable the 

macrocycle shifting to different sites in a controlled way by incorporating functional 

groups. When exposed to a specific input (e.g., pH, electric potential or light), a change 

in the binding affinities occurs between the macrocycle and axis that produces a 

molecular motion 89. Figure 1.9 b) and c). At this point, the change of state that can be 

reached for a dynamic molecular system (e.g., from state ‘0’ to state ‘1’ and vice versa) 

was defined for the first time, driven by an external stimulus in a controlled manner, giving 

rise to the new concept of ‘Molecular Switch’. 

Other research was inspired by the molecular motors existing in living systems, 

which are essential in most biological processes. A particular example is the protein 

complex of ATPase enzyme, which transforms the energy coming from a pH gradient 

concentration into a rotary motion that enables synthesis of ATP molecules. 90 Similarly, 

B. Feringa et al. developed the first generation of light-driven chiral molecules to consider 

the rotation of one half of the molecule over the other half. Achievement of motion 

requires unidirectional rotation and an intermediate with a low energy conformational 

state. In this regard, high sterically-hindered chiral alkenes are good candidates for 

presenting these properties and led to the subsequent synthesis of light-driven molecular 

motors 84,91.  

It is crucial for molecular switches to respond to trigger elements precisely at the 

molecular level, while also maintaining their directionality and reversibility. Furthermore, 

the bistability of both states, which may be achieved after the application of a stimulus, 

is required for this to occur. Moreover, depending on the application, reversibility to the 

initial state must be generated by a second distinct stimulus of different nature rather 

than occurring spontaneously (or the reverse process must be slow enough) 83,92. 

Given the potentiality of MS in numerous applications (optoelectronics, smart 

materials, molecular sensing, photo-controlled biological systems, control of molecular 

self-assembly, logic gates, storage systems, etc.), there are many compounds that have 

been developed over time to provide them with a variety of functionalities 93–95. 

The most popular examples of MSs include photochromic molecules. The result of 

their exposure to light is the generation of different changes at the molecular level, 

such as cis/trans isomerization 96–98, a structural change due to the formation or 

breaking of bonds (e.g., cyclization/opening of the molecule skeleton) 99–101. This 
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makes it possible the transition into a new state with significant different chemical 

and physical properties. 

Figure 1.10. shows the main families of photochromic MSs according to the 

isomerization mechanism followed.  

 

Figure 1.10. Main families of photochromic MSs. On the left, main MSs whose photochromic properties 
are caused by a ring-opening or closing of their skeleton. On the right, molecules undergo a color 
change through trans/cis isomerization. 

Comparatively, while MSs are organic compounds, molecules with real 

electrochromism can be either organic or inorganic compounds that undergo a color 

switch because of a change in the oxidation state when applying a suitable electrical 

potential. ‘Real’ EC present several advantages: first, they present simplicity of the 

reactions since no structural reconfigurations occur which improves their reversibility. 

They also show a lower reduction potential, that requires lower electrical energies for the 

coloring process to occur. However, they have other limitations, such as the fact that 

their color change is limited to the application of a single type of stimulus (electricity) and 

a single response (color change). In this regard, MSs can offer more than one type of 

response to different stimuli such as pH, temperature, light, or electricity, conferring 

multifunctionality to the material. In some cases, such as the family of spiropyran-type 

and diarylethene MSs, it has been found that it is possible to induce a switch between 

the states not only through light but also through electrical stimuli. 
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For this reason, of among all categories of MS, the focus of this thesis is focused 

on spiropyrans and diarylethene derivatives, which are described below. 

1.2.3. Spiropyrans-based MS 

Spiropyran-type compounds are a family of MSs whose chemical structure consists 

of a benzopyranic moiety and an indole entity that are perpendicularly oriented and linked 

through a spiro carbon. This type of structure is what gives it numerous properties. 

However, the versatility that is known today, as well as its photochromic properties, 

whereas not evident at the time it was synthesized by Decker in 1908, who coined the 

term ‘spiropyran’ to refer to courmarin derivatives that present a chiral center of double 

pyran moieties. However, the photochromic properties had yet to be discovered at that 

time 102. Since then, many modifications have been made to its structure with various 

substituents to provide new functionality such as responses to various stimuli such as 

pH or temperature. It was in 1952 when Fischer and Hirschberg discovered for the first 

time the photochromic properties of spiropyrans synthetized by condensation of simple 

Fischer bases with salicylaldehyde 103.  

Since then, there has been huge interest in the photochromic characteristics of 

spiropyran derivatives. Many derivatizations of the molecule were also investigated to 

improve their photochromic responses.  

Irradiation with UV light (λexc = 365 nm) of spiropyran - initially in the ring-closed or 

spirocyclic (SP) form - gives rise to the open isomer or merocyanine form (MC), which 

presents very intense coloration. It has been demonstrated that the substitution of 

spiropyran with an electrowithdrawing group (EWG) in the 6’ position, such as a nitro 

group in the benzopyran moiety, is crucial for the stabilization of the phenolate group of 

the MC form and its half-life. As a result, in the case of spiropyran compounds with an 

EWG, such as a nitro group in 6’ position (1’,3’-dihydro-1’3’,3’-trimethyl-6-nitrospiro[2H-

1-benzospyran-2-2’-(2H)-indole] (NO2BIPS)), the ring-opening, and hence the change in 

color, is preferred, to improveing their photochromic characteristics 104–106. 

Ring-opening and closing has been extensively studied by computational and 

spectrochemical studies. The first stage involves the cleavage of Cspiro-O, obtaining the 

cis-MC structure. Next, the skeleton rotates through the central C-C bond, leading to the 

formation of trans-MC isomer. Figure 1.11. 
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Figure 1.11. Mechanism of photochemical and thermal isomerization of NO2BIPS spiropyran 
derivative.  

The ring-opening process can be described either as a heterocyclic C-O bond 

cleavage or as having a 6π electrocyclic ring-opening. The result is the formation of a 

zwitterionic or quinoidal resonance structure that corresponds to the hybrid MC structure. 

The eventual MC structure presents an extended π-conjugation between the two 

moieties. Thus, a new absorbance band that has shifted to the visible region appears, 

with λmax = 550-600 nm in most non-polar media. 

Spiropyran molecules have attracted huge interest and their use has been 

widespread for to various applications, mainly because the structures that are accessed, 

the SP and MC forms, present vastly different physical and chemical properties. First, in 

comparison to SP, the charge separation of the MC form confers a large dipole moment 

(4-6 D for SP and 14-18 D for MC). Second, the ring-opening leads to significant 

structural changes, such the elongation of MC in comparison to the SP structure, which 

occupies less volume. Third, the opening of the structure through the Cspiro-O bond leads 

to the formation of a phenolate moiety whose pH is more basic than the closed SP form. 

In addition, due to the exposure of phenolate and amine substituents to MC structures, 

their affinity to ionic metal or other zwitterion species increases. Finally, one of the most 

remarkable and popular properties of spiropyran is the change in the absorbance 

spectra. While SP is transparent in the visible region, MC absorbs strongly at λmax = 550-

600 nm leading to a very intense pink to blue coloration.  

Thus, due to the much-differentiated behavior of spiropyran and the capability of 

switching ‘ON’ and ‘OFF’ in response to an external stimulus, it has become one of the 

most exploited MSs in recent the last decades. 

Another characteristic that makes spiropyran-type MS unique is the fact that apart 

from light (photochromism) and temperature (thermochromism), that not only is possible 

to access the SP and MC states through light (photochromism) or temperature 
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(thermochromism), but they are also sensitive to through a wide variety of stimuli such 

as solvent polarity (solvatochromism), pH variations (halochromism) and redox potential 

(electrochromism). 

However, electrochromism has been one of the least explored properties due to the 

complexity of the electrochemical mechanism. 

Previous reports have demonstrated the possibility of triggering the state shift of 

molecular switches that accompany the variation of the ring opening or closing between 

two states, not only by light but also by electrons. Therefore, the derivatization of a 

molecule with an electroactive group could pave the way for the introduction of electrons 

(or abstraction in the case of an oxidation process) to the structure of the molecule when 

an electric potential is applied. In this regard, nitro substituent is particularly intriguing 

since  it not only improves the photochromic properties of the compounds, while but also 

causes enabling the molecule to be their reductioned on the electrode surface at 

relatively low potentials. In other words, oxidation or reduction of molecular switches can 

also induce a structural change to the molecule, resulting in the same color-changing 

effect 107–111.  

Part of this doctoral thesis has focused on examining the electrochemical 

mechanism for the NO2BIPS compound. The main electrochemical properties found for 

NO2BIPS are summarized below. 

i. Electrochromism of nitrospiropyran (NO2BIPS) MS 

The electrochromism of spiropyran derivatives, on the other hand, is almost 

unexplored in the literature 112–117. In 1993, studies using EPR spectroscopy reported for 

the very first time that the electrochemical reduction of naphtospiropyran was fully 

reversible 118. Subsequently, Fujishima et al. found that the electrochemical reduction of 

NO2BIPS was accompanied by a color change. In this case, they postulated an 

electrochemical isomerization reaction from the SP (colorless) to the MC (colored) form 

by means of two consecutive electric inputs (1st reduction, 2nd oxidation). It was observed 

that the electrochemical reduction of NO2BIPS (initially in the SP form) led to the 

formation of the corresponding radical anion (SP•‾) whereby, after subsequent oxidation, 

the open and colored structure of the compound (MC) was obtained.  
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However, the electrochromism of NO2BIPS was only observed under -42 oC in 

DMF. Besides, it was also noted by cyclic voltammetry that the current intensity ratio 

between reduction and the oxidation peaks (corresponding to the oxidation of SP•‾) shifts 

away from 1 as the scan rate goes down. This indicates that the reduction of SP implies 

a second process that is part of the formation of (SP•‾)115,116. Scheme 1.4. 

However, the mechanism was only described under very low temperatures, there 

still being some controversy regarding the electrochemical ring-opening., As a result, 

leaving the electrochromic properties of spiropyrans remained unexploited for more than 

15 years.  

 

Scheme 1.4. Photoelectrochemical system found for NO2BIPS in DMF at -70 oC 119. 

In more recent studies, the response of NO2BIPS to an oxidation input was also 

investigated. Initially, studies carried out by Giordani et al. discovered that the cross-

coupling reaction mediated by Cu(II) ions in mild conditions led to the dimerization of 

spiropyran through a C-C coupling 120. Subsequently, Ivansheko et al. synthesized and 

isolated the electrochemical oxidation product of NO2BIPS after having applied an 

oxidation potential greater than 1 V. They postulated that the oxidation takes place 

through the amine group of the indole entity, obtaining the corresponding radical cation 

stabilized in the para position. Thus, the resulting dimer consists of two monomers linked 

by a C-C bond in the para position of the indole. Furthermore, by means of cyclic 

voltammetry studies, they determined that if the corresponding para position coupling is 

blocked, electron transfer is fully reversible, indicating that dimerization does not occur 
121. The new dimeric spiropyran species were found to present different photochromic 

properties, paving the way towards new possibilities.  

On the other hand, recent articles have described the spontaneous opening of the 

structure at room temperature via electrochemical oxidation of the molecule for 
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disubstituted spiropyrans with t-butyl groups in orto and para positions in the benzopyran 

moiety plus a chlorine located in the para position of the indoline part. It seems that the 

corresponding radical cation is stabilized in the indole moiety due to the chloride blocking 

in the para position that prevents an aryl-aryl coupling reaction. The study also shows 

that there is a reversal of the relative stabilization of SP and MC states, as well as a low 

barrier. This leads to a new oxidative gate to induce the ring-opening structure of the 

spiropyran that is accompanied by a color change 107. 

Overall, given the major versatility of properties and stimuli that can be used to 

modulate the properties of spiropyrans, they are currently being used in applications in 

very diverse fields. Examples include biomedical applications such as fluorescent 

imaging or photo-induced drug delivery 122,123, bio- and chemosensing applications 

(detection of ions, pH variation...)124 and even their use as rewritable optical storage 

memories 125. 

Despite the promising photo-electrochemical properties of NO2BIPS compounds, 

as well as their numerous advantages (e.g., good switchability, fast responses times, 

large color contrast, the possibility of acquisition at a low cost and manufacture of devices 

at a commercial level), these possibilities are not being exploited due to a lack of 

understanding of the exact mechanistic process.  

This thesis, therefore, intends to improve our understanding of the electrochemical 

mechanism that takes place for in derivatives of the NO2BIPS type for potential use in 

different applications. 

1.2.4. Dithienylethene-based MS 

Dithienylethene (DTE) molecules are a type of MS that were synthetized for the first 

time by Irie’s group in the late 1980s. Since then, DTE have received special attention 

over other classes of MS in part due to their excellent photochromic properties 126.  

DTE chromophore are molecules formed by the association of two types of 

structures: aromatic thienyl groups and hexatriene subunit. Under irradiation at a specific 

wavelength, MS based on photochromic DTE can undergo reversible 6π-

photocyclization between their unconjugated open-ring isomer (DTEO) and conjugated 

closed-ring isomer (DTEC).  
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In the DTEO state, molecules can have two structural isomers: anti-parallel and 

parallel conformations, as shown in Figure 1.12. 

 

Figure 1.12. Reversible photochemical conversion of DTE through a 6π electrocyclation. 

When exposed to UV light, only the anti-parallel conformer undergoes 

photocyclization, showing that the anti-parallel conformation is photoactive, while the 

parallel conformation is photochemically inert. As a result, the cyclization reaction's 

quantum yield is determined by the ratio of these conformations127,128. The introduction 

of bulky isopropyl groups in the 2- and 2’- position of benzothiophene aryl groups was 

shown to increase the proportion of antiparallel conformation and therefore, to increase 

quantum yields 129. Importantly, the photoisomerization of DTE molecules permits access 

to two markedly different isomers. From the change in color from transparent (DTEO) to 

pink color (DTEC) -which is the most exploited feature- there is also a change in the 

electronic properties. The isomerization-induced wide gap between the HOMO-LUMO is 

predicted to profoundly alter the conductance of the molecule. While DTEO is more 

isolating, the extensive π-conjugation of DTEC improves the electrical conduction, making 

these compounds excellent components in organic electronics such as molecular wires 
130.  

Unlike other MSs, DTEs have outstanding ring-closing and ring-opening 

photoreactions, which are particularly attractive because their high symmetry means 
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they present and good fatigue-resistance. Besides, they present P-type photochromism, 

so they do not undergo thermal back isomerization. 

In addition, because of their reversible photoinduced transformations that alter 

electrical conductivity, as well as their excellent thermal stability and resistance to 

photocyclization, they offer considerable potential as artificial photoelectronic switching 

molecules 131,132. 

Another distinguishing aspect is their ability to undergo ring-closing and/or ring 

opening by means of an electric stimulus displaying a dual photo-electrochromic mode. 

Several studies in the literature have fully described the electrochemical mechanism for 

DTE ring-opening/closing, hence part of this thesis discusses the use of DTE as a 

mediator (photo)electrochrome in the development of electrochromic biosensors. What 

follows is a more in-depth discussion of electrochromic studies related to DTE-based 

molecules. 

i. Electrochromism of DTE based MS  

It has been found that some DTE molecules undergo cyclation and cycloreversion 

under redox potential providing a pathway to bypass the ground-state isomerization 

barrier.  

In a previous study, Fox and Hurst described for the first time the electrochemical 

ring-closing (cyclation) reaction of fulgide 133, while Kawai et al. reported the 

electrochemical ring-opening (cycloreversion) reaction of DTE. They suggested that 

electrochemical ring-closing and ring-opening is typical in 6π-conjugated systems. 

When applying an oxidation potential greater than 1 V to the DTEO form with non-

substituted 2- and 2’ positions, the oxidation becomes irreversible due to an 

electropolymerization that creates a linearly conjugated π-system. However, the 

oxidation of DTEC becomes reversible and can take place at lower potentials (often 400-

700 mV less positive) due to the linear π-system in the molecule as a consequence of 

cyclation. Similarly, reduction of DTEC is also less negative compared to DTEO 

analogues. The differences in electrochemical behavior between both isomers indicate 

that DTE molecules can present different electrochemical mechanisms. For example, 

the difference in redox potential between isomers can be useful to modulate the use of 

DTE as quenchers or redox mediators when exposed to UV/Vis light that photoinduces 

the closed or the open isomer 134,135.   
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Further studies revealed derivatization of the molecule at the 2- and 2’ positions, 

enables the reversible ring-opening or ring-closing when a convenient oxidation or 

reduction potential is applied. For instance, some derivatives undergo photocyclization 

to the formation of DTEC when exposing the DTEO isomer to UV light. Subsequently, 

when applying the appropriate oxidation potential, the reverse reaction (DTEC  DTEO) 

is triggered. The oxidation of DTEC leads to the formation of the corresponding radical 

cation, which is unstable, and the molecule backbone opens spontaneously, forming the 

DTEO isomer. 

Unlike the well-known matter of photochromism, there is more controversy about 

the intermediates involved in the electrochromic process. For example, the Branda, 

Launay, and Irie groups found that oxidative ring opening and closing reactions are 

mediated by radical cations 136–138 , whereas the Feringa group proposed that the 

reactions are mediated by dicationic species as mediators139. 

To disclose the factual electrochromic mechanism, several investigations focused 

on the electroinduced ring-opening/closing of a series of DTE compounds by cyclic 

voltammetry and UV-Vis spectroelectrochemistry. 

On the one hand, spectroscopic measurements demonstrated that rates for 

isomerization of the key intermediates (DTEC
•+→ DTEO

•+) are favored by electrondonor 

groups (EDG) attached to aryl rings such as phenyl derivates. Mechanistic studies of a 

battery of DTE derivates with phenyl substituents of different electrondonor 

characteristics help to understand the process. The phenomenon is explained in the light 

of the computed spin density of broken C-C bonds that exists between the two thiophene 

rings. The C-C bond of DTEC
•+ presents a singly occupied molecular orbital (SOMO) with 

an interaction of its bonding orbital so that, when the spin density is smaller, the 

probability for ring opening increases. This effect is clearly observed when substituting 

DTE molecules with EDG such as methoxyphenyl groups, since the unpaired electrons 

are delocalized, leading to faster ring-opening. However, even though the ring-opening 

through the radical cations intermediates is faster in the case of DTE substituted with 

EDG, the overall reaction (DTEC → DTEC
•+→ DTEO

•+→ DTEO) is the slowest. A thermal 

back isomerization (DTEO
•+→ DTEC

•+) seems to become dominant and a reduction 

electron transfer (DTEO
•+→ DTEO) is less favored because it shows larger reduction 

potentials when an EDG is present, making the overall process slower 140.  

On the other hand, thanks to voltammetric studies, it has been possible to 

complement and broaden our knowledge of the possible mechanisms involved in the 
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electrochromism process of DTE compounds. In this case, further derivatization of 

perfluoro or perhydro DTE with substituents ranging from EDG to EWG (e.g., chlorine, 

iodine, trimethylsilyl, phenylthio, aldehyde, carboxylic acid, and ethynylanisyl) enabled 

more precise description of the mechanisms involved. It was determined that the DTEO 

form has two-electron irreversible oxidation waves, but its corresponding DTEO
•+ can 

undergo different mechanisms: dimerization, detected in the case of halogen or EDG 

derivates, or ring closure, which happens in the case of phenylthio-substituted 

molecules. 

In addition, electrochromism is also observed for in the DTEC form. In this case, 

electrochromism is favored when the molecule is functionalized with EWG and the color 

change becomes irreversible. On the other hand, in the case of DTEC modified with EDG, 

consecutive oxidation-reduction cycles enable reversible color change because 

generation of the corresponding radical cation or neutral form, respectively. This is 

because the oxidation occurs at the cationic level and does not lead to structural changes 
136.  

Thus, the nature of DTE substituents strongly determines the final ring-

opening/closure pathway for each case, making this type of molecule extremely versatile. 

Given the benefits of DTE derivatives and the present state of knowledge regarding 

their electrochromic characteristics, it was determined that this thesis should employ and 

explore the use of this molecule as a colorimetric redox mediator in biosensor 

applications, as will be discussed in the next chapter. 

1.3. Towards the Fabrication of Solid and Ecofriendly Platforms with 
Smart Functionalities  

The appearance of SMs, among them the classic EC ('true' electrochromism) and 

MSs ((photo)electrochromes with 'memory'), has meant driven a major revolution in the 

technological world, and numerous commercial applications are intended to be 

developed based on these materials. For this reason, over the years, new methods and 

procedures have been established to adapt these compounds for their use in appealing 

applications and processes. One of the limiting aspects of their use is that, in many 

cases, the compounds present their (photo)electrochromic properties in solution., 

Hence, the need to look for an alternative or a strategy whereby the phase can be 

changed to the solid state without affecting its properties is necessary for many 
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applications. Secondly, there may also be cases in which the compounds are in a solid 

state, but for many of them the processability is complex and makes the manufacturing 

process difficult. 

It should also be noted that the development and production of devices with ‘smart’ 

functionalities is also currently strongly determined by the social and environmental 

context in which we live. A clear example is the new demands for more “exotic” 

technologies such as the design of flexible devices, which have a direct impact on 

manufacturing procedures. 

Besides, all these developments must be framed within the research and innovation 

of more sustainable chemical processes and compounds, considering the climate crisis 

of recent years. For this reason, another bottleneck is the type of process necessary for 

their production in terms of waste generation, toxicity, simplicity and affordability. 

 In particular, this thesis is focused on the use of different SMs with 

(photo)electrochromic properties to manufacture both electrochromic displays and 

sensor devices that change color as chemical signal transducers. Therefore, the main 

processes used today for the manufacture of these applications will be described, as well 

as the main factors that determine the type of process to follow within a sustainable and 

ecofriendly framework. 

1.3.1. The Green Deal and its impact on the development of new materials 

Climate change and environmental degradation are the main threats facing 

humanity, not only today, but also in the coming years. By the end of 2019, the European 

Commission had established a series of proposals included in the so-called Green Deal, 

hoping to make Europe a zero emissions community, in order to protect natural habitats 

and species, human beings, the planet, and the economy. For this propose, the EU’s 

policies and regulations were to be applied in eight different areas: sustainable 

transportation, sustainable agriculture, clean energy, climate action, sustainable 

industry, environmental biodiversity preservation, investment in ecofriendly projects and 

innovative strategies and research. Figure 1.13. These actions are expected to reduce 

greenhouse gas emissions by 55% by 2030 compared with 1990 and reach climate 

neutrality by 2050 141. 
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Figure 1.13 Illustration of the eight areas in which the regulations and policies of the Green Deal are 
being applied. 

It is not surprising then that the climate problem that the planet is facing has direct 

implications for the development of the next-generation technologies, materials, and 

systems. In this regard, investment in research and innovation has a key role to play in 

boosting new projects within a more sustainable framework.  

As it is known, chemicals are currently everywhere in our daily lives, since they play 

a fundamental role in most of our activities, forming part of all the devices that are useful 

to ensure our well-being, protecting our health and safety, and meeting new challenges 

through innovation. Hence, one of the measures being applied is the investment in the 

development of chemical components that are zero contaminants and/or are harmless 

to both the environment and the health of living beings. This set of proposals aims to 

promote more ecofriendly chemicals for the green transition. 

Academic research has become paramount to transfer knowledge to society, 

industry, and business. This has had a direct impact on raising global awareness of what 

is already a current problem. Investment in research into more sustainable chemical 

products and processes has, therefore, increased considerably in recent years. This has 

been possible, among other measures, thanks to funding schemes from such as those 

from the European Commission, i.e. programs as the European Union’s H2020 and 

Horizon Europe Programme, projects that support research projects focused on greener 

technologies that are free of toxic chemicals.  
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Improvements in synthetic processes and as well as in the technologies used, the 

use of green solvents, the implementation of zero-waste processes, the atoms economy, 

the reuse of compounds and the circular economy, as well as the synthesis of high added 

value products, are just a few examples of strategies pursued in chemical research and 

innovation to mitigate the consequences of human activity on the environment. 

1.3.2. Processes for the Manufacture of Platforms   

Since the discovery of the first chromic compounds, the scientific community has 

acquired extensive knowledge about their spectroscopic properties, producing objective 

and quantitative information based on their color change. Studies of soluble compounds 

are carried out at early stages in solution to understand the intrinsic chromic 

characteristics of the material and find its application fields. However, at the practical 

level, the use of compounds in solution is not appealing for factual applications because 

of liquid leakage, solvent evaporation and thus, efficiency loss. As a result, many 

methods have been implemented, all of which are appropriate depending on the nature 

of the substance to be deposited, as well as the surface or substrate onto which the 

coating will be implemented. Figure 1.14. 

 

Figure 1.14. Types of processes used to produce chromic displays 
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Thus, the choice of production process depends on the substrate, but also on the 

nature of the active molecule, that will also determine the coating process.  

On the one hand, some processes such as dip coating, spray coating and spin-

coating require solubilization beforehand of components in solvents, generally organic 

solvents. The implementation of these techniques enables deposition over a wide range 

of substrates that can undergo deformations (e.g. stretching, twisting, bending, etc.), 

while keeping their functionalities.  

These coating techniques have mainly been used for in polymeric coatings, being 

the reason why the solvent processability of several polymers has been extensively 

explored. Especial attention in this field should be paid to the group led by Prof. J. 

Reynolds, whose finding proved that the derivatization of the 3-position of 

polythiophenes plays a key role in controlling the solubility, and that regioregularity is 

directly related to their solvent-processability 142,143. 

Meanwhile, electrodeposition or electropolymerization is an affordable, fast, and 

versatile method not only for producing metal or metal oxide coatings (e.g. Ag, Au, TiO2, 

NiO, WO3, ZnO, Co3O4, or V2O3) on conductive substrates but also for enabling the 

deposition of polymeric films. This technique also requires the solubilization of metal 

oxide precursors or monomers for film formation on conductive substrates. There are 

many advantages of this method: it does not require a high vacuum or temperature and 

it also enables fine control tuning the thickness and morphology of the nanostructure by 

modifying the electrochemical parameters. 144–146 

Another strategy consists of the entrapment or functionalization of EC in gels. This 

is interesting in that it is possible to use a wide variety of both organic and inorganic 

compounds, if they are soluble in the medium. Moreover, the use of conductive surfaces 

is not necessary as in the previous case. This makes it possible to prepare layers that 

are functionalized with compounds that do not necessarily have to present electrical 

properties, such as electrochromic compounds, and expands the variety of films with 

other properties that may be prepared, such as thermochromic, photochromic, 

halochromic, etc.  

Several gels have already been modified with chromic chemicals that are 

responsive to various stimuli such as redox, light, temperature, or ions. Current examples 

include photochromic gels made with modified matrices (poly(vinylalcohol)) with TiO2 and 

methylene blue (MB). Light irradiation causes the excitation of TiO2, which has a 

photocatalytic effect and leads to the reduction of MB to its bleached form. The 
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subsequent oxidation with ambient oxygen causes it to return to its initial form, allowing 

it to act as a colorimetric oxygen sensor.147 Other studies use water-based matrices like 

alginate membranes, which immobilize enzymes or chromic molecules for the 

development of biosensors or colorimetric labels for food quality control 148,149. 

In contrast, the insolubility of a wide range of compounds such as oxides or metals 

boosted the implementation of technologies for the production of active layers of chromic 

devices. Clear examples are the thin-films produced by physical vapor deposition (PVD), 

chemical vapor deposition (CVD) or thermal deposition, where the precursor material is 

in the solid state and is evaporated in different ways, depending on the technique, and 

isbeing subsequently transported and deposited on to the target material surface. Such 

processes have been successfully used to deposit certain oxides such as WO3 or V2O5, 

which have electrochromic properties, and enable the formation of robust thin coatings 

on large surfaces such as glass. However, the process is restricted to coating of oxides 

and inorganic compounds due to the high deposition temperatures, which would degrade 

organic compounds. For theis same reason, one of the main limitations of CVD and PVD 

is the complexity of using organic substrates such as plastics, which would make the 

final device more flexible 150. 

One strategy whereby devices or systems can be manufactured using non-soluble 

electrochromes is through the formulation of composites or hybrid materials. The 

pioneers in making the first composites with electrochromic properties included Coleman 

et al. who, in general terms, performed the modification of conducting particles such as 

ATO-TiO2, ITO-TiO2 with PB 151,152. Once the modification is done, the particles are 

dispersed in a resin or polymeric binder, such as fluoroelastomers, hydroxyethylcellulose 

or acrylics, which provides strength, flexibility and chemical resistance to the final 

material. The result is a paste or ink that changes the color in response to specific 

environmental stimuli, depending on the nature of the chromic compound. The 

rheological properties of the final ink is ideal for the production of low-cost applications 

using screen-printing, which enables fast, simple and large-scale manufacturing of 

devices. It also paves the way for the use of both inorganic and also organic compounds 

with chromic properties. Further, examples have formulated similar hybrid materials 

using in situ polymerization of polyaniline on nanocellulose, which presents high 

electrochromic responses (1.5 s for bleaching and 1.0 s for coloring)153. Meanwhile, 

others have managed to provide multifunctionality to these hybrid materials 154. 
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All these advances have revolutionized the field of device manufacture, leading to 

novel formulations with advanced functions, sparkling interest not only in the scientific 

world but also in the industrial sector. Some examples are shown in Figure 1.15. Novel 

attributes such as flexibility, stretchability and bending are much more appealing for 

‘futuristic’ applications like wearables, which would be impossible to obtain had with 

classical manufacturing technologies not improved. But apart from creating the 

possibility of producing flexible devices with more attractive properties, manufacturing 

costs will drop dramatically due to the simplicity of the processing and the affordability of 

the materials. 

 

Figure 1.15. Directionality of future devices with advanced properties (twisting, bending, etc.) and 
some applications where they are applied. Examples of applications were adapted with permission 
from ref.155 Copyright 2019. The Chinese Ceramic Society.  

The production smart materials of for a wide range of applications is being 

attempted at the industrial level, from solar cells, memories, sensors and flexible 

batteries to mobile phones. However, in many cases, they are still under development, 

the goal being to improve their performance to compete with commercially available 

technologies.  
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This doctoral thesis has particularly sought to develop materials with electrochromic 

properties as a common factor, and in some cases multifunctional features. To do so, as 

will be detailed in the results and discussion sections, electrochromic inks or gels and 

membranes modified with different chromic compounds have been designed. In all 

cases, the objective of these formulations is not only to obtain a material with the desired 

functionalities, but also with potential rheological properties to facilitate handling and 

printing with simple techniques, whereby these materials could be implemented in future 

displays and devices. 

1.3.3. Novel Approaches for the Development of Devices and Platforms for 
Electrochromic Applications  

The construction and configuration of devices or systems that change of color in 

response to an external input is directly determined by the intended final application.  

As a result, the building alternatives are many and diverse. Given that the materials 

developed in this doctoral thesis have two specific objectives, we shall exclusively focus 

on the components required for these two scenarios: their application as potential 

displays or as colorimetric biosensors.   

i. Electrochromic displays 

In the case of electrochromic displays, there are two types of configurations. The 

most traditional model is the one based on a 'sandwich' mode configuration, in which the 

two electrodes are facing each other and the rest of the components, i.e., the ion storage 

layer and the electrolyte, are arranged layer-by-layer between them. Figure 1.16 a). 

Although the electrical resistance for this configuration is usually good because of the 

electrode arrangement, on the other at least one of the two electrodes must be 

transparent, such as PEDOT:PSS 156, or tin-oxide derivatives such as ITO or FTO 157 to 

observe the color change, which in turn are less electric conducting compared to other 

materials such as carbon graphite, silver, copper... 

The second configuration, shows a coplanar or interdigitated structure, in which the 

electrodes are arranged on the same horizontal plane. A layer of electrochromic material 

is placed on top of these electrodes, and finally the electrolyte on top it Figure 1.16. b). 

In this case, the electric field is applied laterally, producing a color change that starts at 
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one end of the layer and progresses horizontally to the end that is in contact with the 

counter electrode 151.  

 

Figure 1.16. Types of architectures for electrochromic devices a) Sandwich configuration b) Coplanar 
configuration. 

In both configurations, in addition to the electrochromic compounds and the two 

electrodes used for applying the potential, require an electrolyte layer. This component 

plays a key role in the efficiency and performance of the electrochromic device since it 

responsible to provide the necessary ionic conductivity, and also to enables charge 

compensation when the electrodes polarization.  

In this type of application, for the reasons mentioned above, it is essential for these 

elements to be implemented in a solid-state configuration 

For this reason, polymer electrolytes have become a viable alternative to liquid 

electrolytes that have to deal with poor mechanical properties and such safety issues as 

associated to liquid leakage, among others. Apart from mechanical strength, polymer 

electrolytes present other interesting properties such as flexibility and stretchability. 

However, as main disadvantage, polymers are generally poor ion solvents (due to their 

low dielectric constant and high viscosities). Hence, in many cases, solid-state 

electrolytes based on polymers frequently contain strongly solvating groups such, as 

carbonyl, ether oxygen and nitrile.  

In this regard, solid polymer electrolytes present many benefits over liquid 

electrolytes, including mechanical resistance and in some cases flexibility and 

stretchability. Moreover, their composition prevents dendrite growth, which is the main 

cause of deterioration of electronic devices that require the use of electrolytes.  

Various polymer hosts have been created and characterized to date, including 

poly(ethylene oxide), (PEO), poly(propylene oxide), (PPO), poly(acrylonitrile) (PAN), 
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poly(methyl methacrylate), (PMMA), poly(vinyl chloride) (PVC), poly(vinylidene fluoride) 

(PVdF), and poly(vinylidene fluoride-hexafluoro propylene) (PVdF-co-HFP). 

Despite all the advantages of the use of electrochemical devices, one of the main 

drawbacks is still their low ionic conductivities (10-4 S·cm-2 - 10-5 S·cm-2), which that 

greatly limit their performance. However, many approaches have been developed to 

tackle this issue. 

Among all other polymer electrolytes, ionogels (IG) are taking a principal position 

for one candidate that meets all  presenting the prerequisites the ideal properties for 

more futuristic applications such as the production of most advanced devices, i.e., 

wearables, e-paper, labels and flexible batteries, are ionogels (IG). Part of this thesis is 

devoted to the optimization of IG formulations and their use in electrochromic 

applications. Hence, a more detailed description of IG is provided in the following 

subsection. 

ii. Ionogels (IGs) as solid and flexible electrolyte. 

The advent of IGs ten years ago revolutionized research in the field of solid 

electrolytes. These are hybrid materials based on ionic liquids (ILs) whose ionic species 

are entrapped in the cavities of a polymeric matrix. Figure 1.17 a). As a result, a 

promising family of solid electrolytes membranes has been achieved that offer both the 

advantages of ILs and ideal rheological properties that provide access to novel all-solid 

devices 158,159. The versatility of IGs is so varied that there is an unprecedented variety 

of options for their use, from solid electrolyte membranes to sensors, in drug delivery 

and in the optics field due to their high transparency. Figure 1.17 b). 
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Figure 1.17. a) Typical cations and anions used for the synthesis of ILs. b) Formulation of IG and their 
field of application. 

IGs, therefore, maintain the properties of ILs, such as high ionic conductivities 

(within 10-4 to 8·10-2 S·cm-1 at room temperature), wide electrochemical window (5.7 V 

between Pt electrodes), capacity to solve a broad range of species, large thermal and 

chemical stability, low toxicity, and volatility 160. Specially, these latter advantages have 

led them to be addressed as green solvent and to enable the production of more 

sustainable devices, which has been one of the main goals in recent years of the H2020 

and HE framework. Moreover, the physicochemical properties of IGs can easily be tuned 

by modifying the cation-anion pair of the IL Figure 1.17 a), thus generating millions of 

options and endowing the final membrane with further properties (e.g., photochromism, 

or electrochemical response, biocompatibility, targeted biological properties)161,162. 

While presenting unique chemical properties, the solid-like appearance of IGs due 

to their hybridization with a polymer matrix leads to easy shaping and cut-stick properties, 

and simple processability that broadens the array range of applications with the 

particularity that they also present the ideal rheological properties for future applications.   

In addition to the wide variety of ILs available for use in the formulation of IGs, the 

matrix where the ions are incorporated can also be used to tune the properties of final 

membranes. The options are varied and one way to categorize them is based on the 

nature of the solid-like network, as detailed below. 
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 Inorganic IGs. These include examples such as ‘Bucky gels’ which are obtained by 

grinding or sonicating carbon nanotubes (CNTs) in imidazolium-based ILs. The final 

material presents the properties of gels. Also by using polymerizable ILs, these gels 

are transformed into conductive polymeric materials 163. A second group of inorganic 

IGs is based on the confinement of ILs within a silica network 164. 

 Organic IGs. These IGs can either be low molecular weight gelators (LMWGs) or 

polymer gels. For LMWGs, organic molecules such as L-glutamic acids, 

carbohydrates165 , cholesterol 166 or cyclo(dipeptides) 167 are mixed with ILs, heated 

to high temperatures, and after they cool down, interactions such as hydrogen bonds, 

π-π stacking or electrostatic interactions enable self-assembly and thus, gel 

formation. In the second case, polymers are used to immobilize IL in the form of free-

standing membranes, endowing the final membrane with the flexibility of the polymer 

and high ionic conductivity. These membranes are typically used in displays due to 

their flexibility and good electrochemical properties. They are commonly prepared by 

mixing polymer and ionic liquid with a co-solvent that is eventually evaporated. 

Finally, the membrane is formed by swelling the polymer in an ILs. Typical polymers 

used thusin this case are poly(methylmethacrylate) (PMMA), poly(ethylene oxide) 

(PEO), Nafion®, poly(vinylidene fluoride-co-hexafluoropropylene (P(VdF-co-HFP)), 

and biopolymers such as chitosan, agarose, cellulose and starch 168–171. 

This capability of immobilizing substances opens new avenues for designing 

advanced materials, especially (bio)catalytic membranes, sensors and drug release 

systems. 

Specifically, this doctoral thesis uses IG formulated with PVdF-co-HFP and IL of 

distinct kinds in two different ways. 

1) Layered type. In this approach the electrolyte is used as an independent layer that 

is differentiated from the remaining components (i.e., the electrochromic active 

layer and the ion storage layer). In this configuration, the EC is directly attached 

to the electrode surface. The other components are arranged depending on 

whether the ECD follows a sandwich or coplanar configuration. 

2) All-in-one layer. In this case, both the main electrochrome and the redox mediator 

are dissolved in the electrolyte, that is, they are both in a single layer. If the ECD 

is manufactured in a sandwich configuration, the IG membrane is placed between 

two conductive electrodes. Otherwise, if the configuration is coplanar, it is directly 

placed in a single layer on the top of both electrodes. Although the manufacture 
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of ECD following this strategy is limited to EC materials that are soluble in 

electrolytic media (e.g., viologens), this design could provide a broad variety of 

color and simplify the production process, making them more appealing from an 

industrial standpoint. 

iii. Electrochromic biosensors 

Biosensors are defined as an analytical device that translate a biochemical reaction 

mediated by enzymes, immune systems, tissues, organelles or cells into a measurable 

signal 172, generally from the electrical domain.  

Basic components of biosensors are: 1) detection interface, 2) transducer and 3) 

output system, and they are classified depending either on the type of biomolecule 

implied in the biochemical reaction, also known as recognition elements, and on the type 

of signal transducer, e.g., electrochemical, optical, thermal, etc. Figure 1.18. 

More specifically, in this section, colorimetric biosensors will be examined in greater 

depth, as this is a possible potential application for which many of chromic chemicals 

can be employed. 

Up to now, the construction of high-performance biosensors has attracted 

considerable attention because of their good selectivity and sensitivity, but among them 

it is worth highlighting the benefits that colorimetric biosensors present compared to 

classic electrochemical, optical or electronic systems, including the fact that colorimetric 

systems enable simple naked-eye determination without the need for external 

instruments (very well aligned with the RE-ASSURED criteria for detection systems for 

resources-limited environments), fast detection without needing sophisticated 

instruments and cost-effectiveness 173,174. Therefore, colorimetric sensors have been 

used for the detection of DNA, proteins, viruses and small molecules of clinical interest 

or ions such as glucose, urea and, lactate and chloride or ions, among others 174–176.  
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Figure 1.18. Parts of biosensors and types depending on the bioreceptor used or the transductor.  

One of the most common strategies for colorimetric biosensors is the use of 

immune-aggregation of antibodies functionalized with gold NPs on a lateral flow format. 

In lateral flow, the sample is dispensed on the surface of a devices fabricated on a low-

cost substrate with capillarity. The sample is then flowing through the substrate while 

reacting with non-attached antibodies functionalized with gold NPs that selectively 

recognize the target molecule of interest until reaching the detection area. In the 

detection area, the target molecule is recognized by a second antibody anchored to the 

surface that concentrates the gold NPs in a point. For instance, the presence of analytes 

in an NP-based biosensor causes the aggregation of NPs in the detection area, and thus 

the emergence of a clear color change visually detectable due to the surface plasmon 

resonance (SPR) 177. Figure 1.19. 
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Figure 1.19. Example of a lateral flow based on functionalized gold NPs (AuNPs). The sample is 
absorbed in the first paper pad and flows through the membrane by capillarity.  

Along the years, many approaches have been developed aiming to improve the 

detection capacity of lateral flow systems, particularly their sensitivity and quantification 

capacity. Highly relevant are those approaches based on the use second strategy 

consists of the functionalization of 2D materials such as graphene. The large specific 

surface area of graphene oxide (GO) improves the adsorption of biomolecules, NPs and 

chromic molecules, resulting in enhanced colorimetric sensor sensitivity 178,179. 

Apart from plasmonics, other optical properties have been used to produce 

observable color changes in the production of colorimetric biosensors. One example is 

the use of photonic crystal biosensor (PC): PC is a kind of material whose observed color 

is dependent on the different structural arrangements that result in a different coloration. 

Thus, the coloration in this case is a consequence of the effect of Bragg diffraction. In 

sensor applications, the reaction of target molecules with PC substrates triggers changes 

in the refractive index or diffracting plan spacing. As a result, a color change is observed 

and may be reversibly converted to the initial form 180. 

In contrast, in other systems when it is also possible to couple the biochemical 

recognition reaction between an analyte and a target biomolecule, a secondary reaction 

is promoted, leading to a color change in molecule color. This strategy is very common 

in enzymatic biosensors, where for example, an enzymatic catalytic activity is mediated 
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by enzymes (e.g., oxido-reductasesase or catalase) that generates H2O2 that 

subsequently oxidizes an electrochromic molecule such as 3,3’,5,5’-

tetramethylbenzidine (TMB), resulting in a color change that can be observed with the 

naked-eye. The combination of two enzymatic activities in cascade reactions, e.g. 

oxidoreductases to produce H2O2 and peroxidase to transform the previous molecule 

into oxygen and water, with electrochromic molecules is also very common in this case. 

This strategy has proved useful for the construction of various colorimetric sensors for 

small molecules and metallic ions 181. In other examples, the color change is due to 

fluorescent organic dyes that in the presence of analyte react with the fluorescent probe, 

thereby behaving like an ‘ON’-‘OFF’ switch 182. 

However, one of the main problems with biosensors is the immobilization of 

bioreceptors, which directly affects proper device operation. Various strategies exist to 

address the problem, each with their benefits and drawbacks. The most common 

methods for the immobilization of bioreceptors are entrapment in 3D matrices (e.g. 

electropolymerization, sol-gel process, polysaccharide-based gel, etc.), adsorption on 

solid supports (e.g. physical or electrostatic), cross-linking, covalent immobilization to 

supports (activation of carboxylic groups or amino groups, chemisorption) and affinity, 

based on oriented and site-specific immobilization of bioreceptors (biotin-(strept)avidin, 

metal ion-chelator, lectin-carbohydrate). Figure 1.20. 

 

 

Figure 1.20. Schematic representation of strategies for immobilization of bioreceptors (e.g., enzymes, 
antibodies, NPs, etc.) and the advantages and drawbacks of their use. B: bioreceptor, P: inert protein  
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The choice of the most suitable approach depends on the biomarker 

characteristics, the transducer and the mode of detection. Of these, entrapment of 

biomolecules as enzymes has been deemed an accurate approach to the immobilization 

of enzymatic biosensors due to its simplicity and biocompatibility. Moreover, and similar 

to electrochromic displays, most new-era biosensors are endowed with flexible, 

stretchable properties for the next generation of wearable biosensors. Hence, the 

entrapment of biomolecules in biocompatible membranes that preserve the structure and 

function of the biomolecules and commonly present the same ideal rheological properties 

is also appealing for wearable applications.  

In this case, enzymes are entrapped in three-dimensional matrices, such as an 

electropolymerized film, an amphiphilic network composed of polydimethylsiloxane 

(PDMS), a photopolymer, a silica gel, a polysaccharide or a carbon paste. Biopolymer-

based hydrogels and membranes are currently gaining popularity due to their inherent 

biocompatibility and biodegradability. Hyaluronate, alginate, agarose, starch, gelatin, 

cellulose, chitosan, and their derivatives have commonly been used to make various 

biopolymer hydrogels. Table 1.2 summarizes the most relevant colorimetric biosensors 

to have been developed employing biopolymer matrices.  

Table 1.2. Typical biopolymers used for enzyme immobilization and some examples of applications in 
which they are used. 

Biopolymer Composition Source 
Some biosensors 

examples 

Alginate 
Salts of Ca2+, Mg2+ or Na+ of 
alginic acid 

Cell walls of brown 
algae 

Urea 183, DNA184 

Chitosan and 
chitin 

glucosamine (dea cetylated 
monomer) and N-acetyl-
glucosamine (acetylated 
monomer) monomers linked 
through β-,4 glycosidic bonds 

Shells of crustaceans, 
fish scales, fungi, 
insects… 

Cholesterol185, glucose186 , 

uric acid187 

Collagen 
Three left-handed helix by 
interaction of glycine, proline 
and hydroxyproline units 

Found in connective 
tissue, skin, tendons, 
bonds and cartilage 

Glucose 188, pathogens 

and toxins 189 

Cellulose 
Polysaccharide formed by β-
1,4-linked glucose units 

Plant cell walls. 

Kanamycin190 , glucose191, 

lactate192 

 

Starch 
Polysaccharide formed by α-
1,4-linked glucose units 

Corn, potatoes, 
wheat… 

Ochratoxin A 193, 

phenylketonuria 193. 
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As mentioned above, there are numerous options to immobilize biomolecules. 

However, many of these require laborious processes and/or the microenvironment is not 

suitable, meaning that biomolecules such as enzymes lose their activity in short periods 

of times. 

In this regard, it has been proven that silk fibroin (SF) presents a unique structure 

that enables major enzymatic stabilization. Thus, part of this thesis attempted to use SF 

from Bombyx Mori cocoons for the immobilization and development of colorimetric and 

enzymatic biosensors. 

iv. Physicochemical Properties of Silk Fibroin (SF) as Biomaterials 

SF has been considered a very promising material for medical devices, drug 

delivery platforms, tissue-engineering scaffolds, and platforms for enzyme stabilization 

because of the combination of such unique properties as outstanding mechanical 

resistance, biodegradability, biocompatibility, excellent optical and electronic properties, 

and diversity of structural re-adjustments 194–198. 

Raw silk, derived from native Bombyx Mori silkworm fibers, is mainly composed of 

two SF fibers (~ 75 %) stuck together by an adhesive protein called sericin (~ 25 %) that 

is removed after a degumming process by boiling the cocoons in sodium carbonate 199. 

SF is a semi-crystalline material that confers both stiffness and strength. Figure 1.21 a). 

SF have a light (L) chain protein (~ 26 kDa) which is hydrophilic, and a heavy (H) 

chain polypeptide (~ 390 kDa) which is hydrophobic. These are bound together by a 

disulfide bond at the C-terminus of the H-chain, forming the H-L complex. At the same 

time, glycoprotein P25 present in SF binds the resulting H–L complex by hydrophobic 

interactions 200,201. Figure 1.21 b). 

The amino composition hydrophobic domain (H-chain) is a repetitive hexapeptide 

sequence of Gly-Ala-Gly-Ala-Gly-Ser and repeats of Gly-Ala/Ser/Tyr dipeptides whose 

intermolecular forces (hydrogen bonds, van der Waals and hydrophobic interactions) 

form anti-parallel β-sheet structures that confer crystallinity to SF and good mechanical 

properties to the material, including major rigidity and tensile strength. In addition, 

tyrosine is present to ~ 5% and provides certain reactivity to the material. In turn, 

hydrophilic domains (L-chain) are non-repetitive and have an amorphous structure, so 

they are relatively more elastic 202–204. 
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The specific arrangement of amino acids results in the formation of different 

crystalline structures, silk I and silk II. While silk II is formed by folded β-sheets 

(nanocrystals) as a consequence of intermolecular interactions, silk I forms a zigzag 

conformation because it is composed of a β-sheet, α-helix and random coil. The more 

ordered silk II structure can be induced from silk I after a water annealing process or via 

methanol or potassium phosphate treatment 197,205,206. 

The silk-III structure is also possible, but is less stable and is only formed in 

regenerated SF 207. 

Depending on the treatment, SF solution can be processed to confer fine control 

over its properties and structures, from the micro scale to the macroscopic level. 

Examples include the sponges, microspheres, hydrogels, films and nanofibers produced 

by electrospun, Figure 1.21 c).  

The scope of applications of silk-based materials has expanded in recent years. 

Current applications range from tissue engineering scaffolds208,209, drug delivery210 and 

biosensor devices 211,212. Recently, due to its mechanical and optical properties, SF has 

also been used in the manufacture of flexible electronics213 and photonic displays 214. 

This material’s robustness, flexibility, non-toxicity, biocompatibility and biodegradability 

make it suitable for the development of next-generation devices 215.  

As mentioned above, SF has been used in this thesis to stabilize enzymes and 

electrochromic molecules used as reaction mediators for the development of long-term 

glucose colorimetric biosensors. It has been demonstrated that the assembly of SF leads 

to nanoscale ‘pockets’ where enzymes can be stably entrapped. SF is also exceptionally 

stable under changes in humidity and temperature, as well as being mechanically 

durable thanks to its large network resulting from physical cross-links. Furthermore, the 

processing of silk-based materials does not require harsh chemicals and can be carried 

out in ambient conditions in aqueous media without affecting the bioactivity and/or 

structure of the enzymes. Overall, previous studies have demonstrated that SF is a 

suitable biomaterial for the immobilization of enzymes such as glucose oxidase (GOx) 

or peroxidase, and which remains 90% active for more than 84 months 196,216–218.  
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Figure 1.21. a) Raw silk consists of two fibroin fibers held together with a layer of sericin. After 
degumming, sericin is removed and the fibroin fibers are dissolved in lithium bromide solution. After 
that, the solution is dialyzed against ultrapure water 199. b) Schematic representation of silk 
microstructure. c) Examples of materials formed using SF solution. 
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2. Objectives 

The main objective of this PhD thesis is the development of novel 

(photo)electrochromic solid-state displays and sensors that need to be tailored to 

society's changing demands and the present environmental conditions. The aim is, 

therefore, to develop these applications in a framework that requires the use of more 

ecofriendly materials and newer qualities such as multifunctionality, flexibility and 

stretchability to meet the demands of future market applications. 

To achieve this goal, the following specific objectives have been envisioned: 

 To acquire preliminary knowledge about the intrinsic properties of compounds with 

'True Electrochromism' or 'Electrochromism with Memory'. The objective is to gain a 

broader understanding of the (photo)electrochromic mechanisms that occur and to 

assess their chromic properties, such as response times, coloration efficiency, color 

contrast and fatigue resistance. A further intention is to gain an in-depth 

understanding of other possible stimuli that can be used to modulate the color change 

response (e.g., light, pH, temperature). 

 Development and optimization of ecofriendly solid matrices for use as platforms in 

the manufacture of (photo)electrochromic devices and sensors. To this end, the aim 

is to produce and optimize ionogel-type membranes with sufficient ionic and flexible 

conductivity. Secondly, to seek to produce biocompatible silk fibroin membranes in 

which biocatalytic reactions can occur.  

 Design of formulations and subsequent spectroelectrochemical, electrochemical 

and/or optical characterization of hybrid materials that combine 

(photo)electrochromic compounds in (bio)polymeric matrices. 

 Ultimately, the objective is to integrate the aforesaid concepts in the development of 

specific application-specific platformss, such as:  

o Electrochromic inks to manufacture low-power electrochromic devices by using 

low-cost printing techniques. 

o Development / improvement of the efficiency of self-powered electrochromic 

biosensors 

o Development of a new reversible optical enzymatic biosensor based on silk and 

modified with photoelectrochromic mediators for the detection of glucose.
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3. Results and Discussion 

In this section a discussion of the results related to the development of novel 

electrochromic and multifunctional solid materials and their use in displays and sensors 

is presented.  

The results referring to this chapter are published in different scientific journals and 

available in the following scientific report. 

[1] Santiago, S.; Aller, M.; Campo, F. J.; Guirado, G. Screen‐printable Electrochromic 

Polymer Inks and Ion Gel Electrolytes for the Design of Low‐power, Flexible 

Electrochromic Devices. Electroanalysis 2019, 31, 1664–1671. 

https://doi.org/10.1002/elan.201900154. 

[2] Santiago, S.; Muñoz-Berbel, X.; Guirado, G. Study of P(VDF-Co-HFP)-Ionic Liquid 

Based Ionogels for Designing Flexible Displays. J. Mol. Liq. 2020, 318, 114033. 

https://doi.org/10.1016/j.molliq.2020.114033. 

[3] Santiago-Malagón, S.; Río-Colín, D.; Azizkhani, H.; Aller-Pellitero, M.; Guirado, 

G.; del Campo, F. J. A Self-Powered Skin-Patch Electrochromic Biosensor. 

Biosens. Bioelectron. 2021, 175, 112879. 

https://doi.org/10.1016/j.bios.2020.112879. 

[4] Santiago, S.; Giménez-Gómez, P.; Muñoz-Berbel, X.; Hernando, J.; Guirado, G. 

Solid Multiresponsive Materials Based on Nitrospiropyran-Doped Ionogels. ACS 

Appl. Mater. Interfaces 2021, 13, 26461–26471. 

https://doi.org/10.1021/acsami.1c04159. 

[5] Santiago, S.; Richart, C.; Mena, S.; Gallardo, I.; Hernando, J.; Guirado, G. 

Electrocarboxylation of Spiropyran Switches through Carbon‐Bromide Bond 

Cleavage Reaction. ChemElectroChem 2022, 9. 

https://doi.org/10.1002/celc.202101559. 

 

In addition to the articles listed above, this doctoral thesis will also explain 

experimental results related to future scientific publications. At the beginning of each 

corresponding section, the content that has not yet been published will be specified. 

 

https://doi.org/10.1002/elan.201900154
https://doi.org/10.1016/j.molliq.2020.114033
https://doi.org/10.1016/j.bios.2020.112879
https://doi.org/10.1021/acsami.1c04159
https://doi.org/10.1002/celc.202101559
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3.1. Optimization and Formulation of Ionogels for its use in 
electrochromic applications 

The results discussed in this section correspond to the following publication: J. Mol. 

Liq. 2020, 318, 114033.  

Currently, ionogels (IG) are preferred over other solid electrolytes, basically 

because their formulation with ionic liquids avoids problems such as liquid leakage or 

solvent evaporation. Moreover, they are less toxic than other electrolytes and their 

versatile formulation allows infinite combinations such as the production of IGs with 

hybrid properties, as it will be discussed in the following chapters. However, most recent 

popularity of these materials relies on their rheological properties (elasticity, flexibility, 

and highly optical transparency), and particularly on their excellent electrochemical 

properties (i.e., high ionic conductivity and very wide electrochemical window), one of 

the most limiting constrains of solid electrolytes 1,2.  

One of the most common strategies to produce IG is the combination of 

mechanically resistant and transparent polymers with ionic liquids (IL) that confer them 

ionic conductivity. Regarding to the polymer, many examples of IGs formulated with 

polymeric matrices of different composition have been already reported in the recent 

years. Among them, P(VDF-co-HFP) has been selected in this work due to its chemical 

stability and mechanical strength.  

The doping of the polymeric matrix with IL has a major impact on the properties of 

the final IG. For this reason, in this work the IG properties and how they are affected by 

both, the content and the type of IL, have been deeply studied. Figure 3.1. shows the IL 

and the polymer matrix used in this study. 

 

Figure 3.1 Chemical structure of cations and anions present in the IL used in this study. The structure 
of the polymer and the appearance of final IG membranes are also illustrated 

https://www.sciencedirect.com/science/article/abs/pii/S0167732220341751?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0167732220341751?via%3Dihub
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Initial studies were conducted to determine the effect of the IL content in the 

electrical and rheological properties of the formulation of IG membranes using P(VDF-

co-HFP) as polymer matrix and and BMIMF TFSI as model IL, IG membranes were 

prepared containing between 0% and 90% w/w. of BMIM.TFSI. Images of the 

membranes are included in Figure 3.2. The thickness of each one depended on the IL 

content and ranged between 100-700 µm. 

The rheological properties of membranes were evaluated qualitatively. Membranes 

prepared without IL (0% w/w BMIM TFSI content), were opaque (transmittance % (ΔT 

%) = 14.8%), while the transparency increased with the concentration of IL up to a ΔT % 

= 83.2% for samples containing 83.3% w/w BMIM TFSI. Mechanical properties also 

changed significantly, from rigid and poorly elastic membranes when containing small 

content of BMIM TFSI to highly flexible and stretchable ones, when the content was high. 

This improvement in the elasticity and stretchability of the membranes when increasing 

IL content is associated to two aspects: (i) the swelling of the polymer in presence of IL, 

and (ii) the plasticizer capacity of ILs, which enables sliding between the polymer chains, 

thus generating flexibility. It is important to note that BMIM TFSI contents above 83.3% 

w/w resulted in IL leakage from the IG membrane, as well as an important loss of 

membrane consistency. This loss of consistency suggested a change in the morphology 

of the polymer chain. To investigate this morphological change, the previous membranes 

were analyzed by FT-IR. As a result, the peaks related to the crystal structure of P(VDF-

co-HFP) (non-polar α-phase; 𝜈 = 796 cm-1 (CF3 sym. stretching) and 𝜈 = 760 cm-1 (-CH2 

bending)) clearly decrease when increasing the percentage of BMIM TFSI in the 

membrane, while those corresponding to the amorphous polar β-phase (𝜈 =1404 cm-1 (-

CH2 ant. stretching) and 𝜈 = 876 cm-1 (CF2 and C-C sym. stretching) were more 

pronounced. This confirmed the morphological change of the IG, which completely lost 

the crystalline structure above an IL concentration of 83.3% w/w. 
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Figure 3.2. IG prepared using different BMIM TSI contents (expressed in weight ratio percentage % 
wt.) and the corresponding transmittance value measured in the visible range. Qualitatively, it can 
clearly be observed that there is a change in the aspect and transparency from more rigid, rough and 
opaque to more flexible, smooth and transparent as the content in IL increases. Note that the 
membrane prepared at 90% wt. presents a loss in consistency due to an excess of BMIM TFSI in its 
formulation 

In addition to the rheological properties, the content of BMIM TFSI in the membrane 

also influenced its ionic conductivity (σ). Conductivities were estimated by determining 

the resistance associated with the ionic mobility of the charges in the membrane through 

electrochemical impedance spectroscopy (EIS). This ionic resistance appeared at high 

frequencies (> 105 Hz) and its magnitude could be determined as either the radius of the 

semicircle in the Nyquist plot or the frequency-independent impedance modulus above 

105 Hz in the Bode plot, both of them providing directly the resistance magnitude in ohms. 

For a more precise determination, the full impedance spectra could be fit with the 

corresponding equivalent circuit. However, in this case it was not necessary by the 

simplicity of the equivalent circuit. Conductivity values from the resistance magnitude 

were obtained by applying eq (1):  

σ= 
l

A
x

1

R
                                                                      eq.(1) 

where σ is the ionic conductivity (in S), R is the resistance obtained from EIS 

analysis (in ohm) and 
l

A
 is the cell constant (in cm-1) where l is the distance between 

electrodes and A is the electrode area. In this case, the cell constant was determined 

experimentally by measuring the R magnitude of several KCl solutions of known 

conductivity by EIS. The cell constant value corresponded to the slope of σ versus R 

representation, and the value obtained was 0.60 cm-1.  

 Impedance studies of the membranes indicated that the ionic conductivity of the 

IG was directly proportional to the BMIM TFSI content Figure 3.3. Apart from an 

increasing number of free ions by the presence of BMIM TFSI, the IL also produced a 
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change on P(VDF-co-HFP) structure from crystalline to amorphous that may facilitate 

ionic motility in the membrane. Loadings above 83.3% w/w in BMIM TFSI resulted in 

conductivities similar to those of the IL alone. This confirmed that above this value the IL 

could not be retained in the polymer matrix cavities and leaked, and thus, only free IL 

was measured by impedance.  

 

Figure 3.3. Representation of conductivity values measured by EIS for IG membranes prepared at 
different % wt. of BMIM TFSI. Note that membrane prepared at 90% wt. BMIM TFSI is not shown since 
the IL leakage interferes with the result. For IG e at 90% wt. BMIM TFSI wt. BMIM TFSI soared up to 
1.06 mS·cm-1, which is a value close to those obtained for the pure IL 

Based on these results, the IG membranes containing 83.3% w/w of BMIM TFSI in 

P(VDF-co-HFP) were considered optimal since presenting high conductivities, i.e., 0.40 

mS/cm, in agreement with those provided by the IL alone at room temperature (3.60 

mS/cm), flexibility, elasticity and transparency. 

In a second step, the influence of using IL of different formulations was evaluated. 

IG containing P(VDF-co-HFP) and ILs at the same molar ratio were produced using 

EMIM TFSI, PP13 TFSI, BMPyr TFSI, N1114TFSI, BMIM BF4 and BMIM PF6, and 

compared. 

Considering rheological properties, it was observed that the membranes containing 

BMPyr TFSI and BMIM BF4 were more rigid and less transparent (ΔT % < 40.0%). 

Regarding to the former, this may be due to the worse plasticizing effect of BMPyr+ cation 

when compared to BMIM+. In the second case, the use of larger anions (TFSI‾ < PF6‾ < 

BF4‾) may disorder the polymer arrangements, hindering the formation of crystalline 

domains and resulting in less plastic and more opaque membranes. Figure 3.4. 
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Figure 3.4. Appearance of the different membranes prepared using IL of different chemical nature. a) 
the Il used have the same anion (TFSI‾) but different cations. b) the effect of changing the anion is 

observed when BMIM+ is used as a common cation. 

Electrochemical studies of the membranes showed wide electrochemical windows 

between 2.72-3.20 V in all cases. The largest electrochemical window was recorded in 

the case of N1114TFSI (3.20 V), probably by the higher reduction potential required by the 

N1114
+ cation due to its poor electron-withdrawing effect. In the anions case, the oxidation 

potential was very similar since presenting very similar electron-donor characters. 

Regarding conductivities, all membranes presented conductivities in the range 

between 0.215 and 0.846 mS/cm that made them suitable to produce low power solid 

and flexible electrochemical applications. Membrane conductivity was very influenced by 

the size of the counterions in the membrane. In general, smaller counterions presented 

faster mobility rates, resulting in larger conductivity values. This correlation was very 

evident in the case of cations, which presented a descending conductivity in the following 

order BMIM+ > N1114
+ > BMPyr+ > PP13

+, in accordance with the size of the countercation. 

The tendency was less evident in the case of anions, where only BMIM BF4 presented a 

remarkable increase in conductivity due to their small size.  

Table 3.1. summarizes the most relevant properties obtained for the IG membranes 

prepared with IL of different nature. Considering the overall properties of the membranes, 

IG formulated with N1114 TFSI at 79% wt. were selected for presenting the best 

electrochemical window, high transparency, and large ionic conductivity.  
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Table 3.1. Values of UV-vis transmittance in the range of 400-700 nm using different ILs in the 
preparation of IG at the same molar concentration. Ionic conductivity estimated from resistance values 
obtained by A.C. EIS measurements and electrochemical windows recorded by CV. 

Sample ΔT (%) σ (mS/cm) Epc (V) Epa (V) Electrochemical 
Window (V) 

BMIM TFSI 71.3 0.295 -1.33 1.43 2.76 

BMIM PF6 69.9 0.393 -1.26 1.47 2.73 

BMIM BF4 38.4 0.846 -1.32 1.40 2.72 

N1114TFSI 72.8 0.303 -2.00 1.20 3.20 

BMPyr TFSI 35.9 0.295 -1.73 1.20 2.93 

PP13 TFSI 65.6 0.215 -1.73 1.10 2.83 

 

This preliminary study established the basis for the formulation and the 

characterization of IG-type electrolytes, as well as the procedures to determine their 

rheological and electrochemical properties. The results obtained in this section were 

used in the production of electrochromic devices (ECD) and multicolored-sensing 

materials based on IG, as it will be described in the following sections.  

In addition, the study on different formulations of IG and its properties that was 

carried out in this PhD thesis, also led to contributions in other publications: Nano Letters 

2020, 20 (5), 3528–3537 and 2D Materials 2020, 7 (2), 025046. IG were used as gates 

to control the crosstalk in graphene solution-gated field effect-transistors (g-SGFETs) 

aimed to spatially map the electrophysiological signals in brain. This technology 

eliminates the need of switches, simplifying the technical complexity. Besides it was 

demonstrated the possibility of printing IG electrolytes by inkjet which pave the way for 

upscaling the fabrication of g-SGFETs.  

3.2. Production of Low-Power Electrochromic Devices 

Electrochromic devices (ECD), in general, pursue the design of materials and 

architectures able to operate at low applied potentials. The properties observed for IGs 

make them ideal candidates in the production of ECD since, if necessary, they can work 

at higher potentials than other electrolytes thanks to their wide electrochemical window. 

Additionally, IGs present high ionic conductivities, which (i) minimizes the ohmic drop, 

https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00467
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00467
https://iopscience.iop.org/article/10.1088/2053-1583/ab7976
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(ii) prevents operation at high potentials responsible for components degradation and (iii) 

enables the construction of more efficient ECD with faster color switching. Moreover, its 

high transparency would enable clear observation of the color contrast of the 

electrochromic compound.  

IGs can be used as a solid electrolyte in different ways. The most common and 

simple is the layer-by-layer configuration. In this case, each component of the ECD is 

implemented as an independent layer with a discrete function in the full system. In this 

architecture, the electrolyte layer simply provides charge neutrality during the 

electrochemical coloring or bleaching.  

Alternatively, a second approach consists of producing integrated ECD where all 

components are implemented in a single layer. In this case, the IG membrane is doped 

with the necessary ionic species (IL), electrochromic compounds and, in some cases, 

redox mediators, to produce a single membrane ECD.  

In this thesis, both approaches are explored. Below, the different processes and 

strategies are described according to the type of device, as well as the characterization 

of their electrochromic properties. 

3.2.1. Low power electrochromic material based on ECP-Magenta 

The findings covered in this section are detailed in the following article: 

Electroanalysis 2019, 31 (9), 1664–1671. 

As previously commented, one of the main objectives when designing an ECD is 

to be able to operate it at low applied potentials, ideally around 1 V, to minimize energy 

costs and performance inefficiencies associated to the use of high voltage. 

The need for high voltages in ECD is the consequence of diverse factors, namely: 

i) an overpotential caused by the high resistance of the medium; ii) a high oxidation or 

reduction potential of the electrochromic compound due to its chemical nature; or iii) the 

use of unsuitable redox mediators in electrochromic systems based on two electrodes. 

 To minimize previous factors, IGs were used as electrolyte of the developed ECDs 

since presenting high ionic conductivities, which would reduce medium overpotential.  

A broad range of conductive polymers with electrochromic capabilities has been 

developed in recent years because of their low oxidation and reduction potentials, and 

the possibility of customizing their physicochemical features, including color contrast, 

https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/elan.201900154
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switching time and switching stability, Among them, ProDOT polymer derivatives 

(poly(3,4-propylenedioxythiophene)) can be easily substituted on the propylene bridge 

with symmetrical alkyl groups, which enhances their solubility in organic solvents. 

Specifically, ProDOT substituted with the 2-ethylhexyl group is the one referred to us as 

ECP-Magenta and which is studied in this thesis. Figure 3.5.The electrochromic ink 

based on the electrochromic polymer (ECP) known as ECP-Magenta was kindly 

provided by Doctors Anna M. Österholm, Eric Shen and John R. Reynolds from Georgia 

Institute of Technology, Atlanta.  

  

Figure 3.5. Chemical structure of ECP-Magenta and the switching color that takes place upon 
reversible electrochemical oxidation. R= 2-ethylhexy 

In general, ECP-Magenta exhibits an intense coloration that can be efficiently 

bleached at low oxidation potentials around 0.5 V vs (Ag/AgCl), obtaining large color 

contrast values (> 60%). Main limitation of this compound is on its processability. 

Although its solubility has been improved through chemical modification, the production 

of electrochromic displays based on this type of ECP with low-cost and scalable 

technologies is still a challenge. 

In that regard, it is one of the objectives of this thesis, to develop a new formulation 

for producing ECP-Magenta electrochromic inks compatible with screen-printing 

technologies. Apart from highly affordable and mass-production, this technology is very 

versatile, enables the production of components and systems in a wide range of 

substrates, e.g., flexible ones, and resolute, enabling to customize shapes and sharp 

edges up to micron range resolutions.  

Electrochromic inks are composed of three key components: i) the electrochromic 

material ii) the conducting particles, and iii) the binder, when necessary, to provide proper 

consistency and viscosity 3–6. Here, ECP-Magenta, ATO@TiO2 microparticles and 
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dimethylpropylurea (DMPU) were selected as electrochromic material, conducting 

particle and binder, respectively. ATO@TiO2 microparticles were chosen for their pale 

coloration and low cost, when compared to other conducting oxide particles such as 

indium-tin oxide NPs (ITO-NPs). The production of the ink involved the physical 

adsorption of ECP-Magenta on the ATO@TiO2 microparticles by sonication, and the 

subsequent addition of the binder when the solvent was completely evaporated. 

The ECP-Magenta@ATO@TiO2 ink was used to produce screen-printed 

electrodes through the process illustrated in Figure 3.6. First, the pads and connections 

were screen-printed with Ag ink. Then, both the working electrode (WE) and the counter 

electrode (CE), were manufactured with graphite carbon ink, and the reference (Ref) with 

Ag/AgCl ink. The ECP-Magenta ink was then deposited on the WE surface, on top the 

graphite. Finally, the dielectric layer was deposited to protect the electrical connection 

and avoid short-circuits.   

An IG membrane was placed on top of the three electrodes, i.e., WE, CE and Ref, 

covering all of them, and used to evaluate the electrochromic properties of the ink. The 

IG membrane containing 83.3% w/w BMIM TFSI on P(VDF-co-HFP) was chosen due to 

its high transparency (>80%, which enables to observe the color change of the ink), 

conductivity (0.40 mS/ cm) and large electrochemical window, suitable to oxidize the 

ECP-Magenta.  

 

Figure 3.6. Step-by-step device manufacture by screen-printing. The system is used for the 
electrochemical and spectroelectrochemical characterization 

CV studies of the ink revealed an oxidation peak at Epa = 0.30 V vs Ag/AgCl, which 

associated to a reduction one at Epc = 0.20 V vs Ag/AgCl (EO = 0.25 V vs. Ag/AgCl). The 

electrochemical oxidation was completely reversible since similar intensity values were 

obtained for the anodic and cathodic peaks. This indicated that the compound presented 

'real' electrochromism and could be completely converted into its neutral form after 

applying a low potential below 0.20 V. Figure 3.7. a). 
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In addition, the relationship between the anodic intensity peak vs the scan rate was 

calculated using a modification of the Randles-Sevick equation adapted to electroactive 

films or adsorbed species on the electrode surface 7. The linear correlation obtained 

(Figure 3.7 b)) indicated that there were no free electroactive species in the medium and 

thus, the ink was well-adhered on the graphite surface.  

 

Figure 3.7. a) CV recorded at 50 mV/s in the anodic direction. Black dashed line corresponds to the 
voltammogram of handmade screen-printed electrodes without the ECP-Magenta using BMIM TFSI 
as electrolyte. Black solid line is the electrochemical response corresponding to the formulated ECP-
Magenta ink. b) Representation of the anodic peak current density recorded at different scan rates (5 
– 200 mV·s-1)  

Spectroelectrochemical measurements, consisting of in situ UV-Vis 

spectroscopic measurements when applying an electric potential, were conducted 

aiming to correlate the previous electrochemical results with the ink color changes. 

Initially, the neutral form of ECP-Magenta ink presented an intense absorbance peak at 

λmax = 528 nm associated to π-π* electronic transitions. After applying a potential above 

Epa = 0.30 V, the molecule was oxidized, and its color was bleached. The reversibility to 

the colored form was achieved after applying a reduction potential of 0.00 V. Figure 3.8. 
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Figure 3.8. a) UV-Vis spectroscopy of ECP-Magenta ink using IG as electrolyte. The blue spectra 
represent the color exhibited when ECP-Magenta is in the initial neutral form. After oxidation, the color 
bleaches and the absorbance peak detected at 528 nm completely decreases. b) The image shows 
an amplification of the hand-made device manufactured by screen-printing and the color change 
observed by the naked eye when applying the corresponding oxidation potential at which the sample 
bleaches (Eapp = 0.5 V (vs Ag/AgCl)) and the reverse electrochromic process when the reduction 
potential is applied (Eapp = 0.0 V (vs Ag/AgCl)). 

It is important to note here that ATO@TiO2 microparticles also presented 

electrochromism, exhibiting a weak color change from pale to more intense green color 

when a reduction potential was applied. However, in this case, since ECP-Magenta was 

oxidized at a very low potential, the color change caused by the ATO@TiO2 

microparticles was insignificant and all electrochromic changes in the ink should be 

related to the ECP-Magenta. 

Based on previous experiments, the switching color contrast, the switching time 

for bleaching and coloring, as well as the fatigue resistance were determined. Fatigue 

resistance was evaluated through consecutive cycles by applying 0.4 V and 0.1 V for 5 

s in agreement with the CV results. Since it was possible to run the device at very low 

potential differences (below 1 V), it could be categorized as a low power electrochromic 

device. The following values were obtained after 4 cycles: 60% switching color contrast, 

τB = 2.1 s of bleaching time and τC = 2.2 s of coloring time. The coloration efficiency (CE), 

defined as the change in optical density (ΔOD) per unit of charge, was calculated to be 

496 cm2/C. This was consistent with previous studies that reported that only a small 

amount of charge was necessary to produce a detectable color change 8. 

Some differences were observed in longer fatigue studies involving 500 cycles. 

Most important change was on the color contrast since ECP-Magenta ink exhibited a 

contrast loss of 20% after these cycles. This decay may be related to the narrow voltage 

window used to induce the color change. By increasing the potential, the color contrast 
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might increase. However, larger potentials may accelerate the degradation of the 

material because of side reactions and the loss of reversibility. On the other hand,the ink 

did not present significant differences on the switching time, providing values of τB = 2.04 

s and τC = 2.04 s. This switching capacity met the requirements established by materials 

used as electrochromic displays (0.1 s – 10 s). Table 3.2. summarizes the electrochromic 

properties of the ink. 

Table 3.2. Electrochromic parameters of ECP-Magenta ink using IG based on BMIM TFSI.  

# Cycles ΔT (%) τa (s) τC (s) ΔOD CE (cm2/C) 

1-4 60 2.10 2.20 0.190 496 

496-500 40 2.04 2.04 0.130 - 

 

Overall, the results prove that it is possible to produce screen-printable 

electrochromic inks based on ECP-Magenta formulated with conducting particles such 

as ATO@TiO2. These inks presented interesting properties such as the possibility to 

operate at low voltages, to present large color contrasts, CE and short response times 

(~2 s), among others. Furthermore, the observed features were feasible thanks to the 

combination of the formulated inks with IG electrolytes, which provided an adequate ionic 

conductivity, while presenting high transparency that enabled color detection. 

In the mid-term, these inks and material capable to operate at very low applied 

potentials and fully compatible with cost-effective and mass-production screen-printing 

technologies are envisioned as viable alternatives to produce the next generation of 

solid-state and low-cost electrochromic devices. Additionally, the strategy presented 

here paves the way to further ink formulations based on other organic electrochromic 

compounds. 

3.2.2. Development of self-powered skin-patch electrochromic biosensor based 
on PB 

The results corresponding to this subsection can be found in the following 

reference: Biosens. Bioelectron. 2021, 175, 112879. 

https://www.sciencedirect.com/science/article/abs/pii/S0956566320308642?via%3Dihub


Production of Low-Power Electrochromic Devices 

90 
 

In biosensing, lactate is an important target molecule involved in anaerobic 

metabolism. In sport, lactate levels have a direct relation to physical activity and fatigue. 

On the other hand, lactate is also relevant in healthcare, where used as an indicator of 

general health conditions related to pressure ischemia and insufficient oxidative 

metabolism. For this reason, many investigations are now focused on the development 

of lactate biosensors, and particularly wearable biosensors, for continuous monitoring of 

lactate levels either in blood, serum, interstitial liquid or sweat. 

Electrochromic materials are excellent candidates for the development of sensors 

and biosensors since largely simplifying their manufacture and operation. Furthermore, 

with the right design, it is even possible to quantify the (bio)sensor response visually, 

without the need for external instrumentation 9–12.  

Considering that, self-powered electrochromic patch biosensors enabling visual 

quantification of lactate in sweat were produced based on the strategy presented in the 

previous section. This time, Prussian Blue (PB) were used as electrochromic molecules, 

and ATO@TiO2 were implemented as conducting particles.  

In the production of the PB inks compatible with screen-printing 13, conducting 

particles were suspended under vigorous stirring in iron (II) sulfate aqueous solution. 

Then, a potassium ferricyanide solution was added dropwise to the solution and the 

precipitation reaction of KFe[Fe(CN)6] (PB) took place following equation (1).  

 

FeSO4 (aq)+ K3[Fe(CN)
6
]
 (aq)

 → KFe[Fe(CN)
6
]
 (s)

                   eq. (1) 

The resulting blue particles were centrifuged and washed with diluted HCl to 

remove the excess of non-reactant species, without compromising PB stability (PB is 

stable at acidic pH). After drying at 100 oC, PB particles were physically adsorbed on 

ATO@TiO2 surface. To improve the consistency and stability of the ink, the particles 

were finally mixed with a commercial binder (Viton ®). 

As in the previous case, the electrochromic properties of the ink were evaluated 

with custom-made screen-printing electrodes containing graphite WE and CE and 

Ag/AgCl Ref, where the PB ink was deposited on the WE surface. CV and 

spectroelectrochemical were conducted in aqueous solutions of KNO3 (0.1 M), which 

used as electrolyte.  
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CV showed an excellent electrochemical response of the PB ink. Figure 3.9 a). The 

cathodic voltammogram presented a peak at Epc = 0.20 V vs Ag/AgCl corresponding to 

the reversible reduction of PB to Prussian White (PW). In the reverse scan, the oxidation 

of PW to PB was also observed at potentials above Epa = 0.30 V vs Ag/AgCl. A second 

redox process was observed at more positive potentials of 0.90 V vs Ag/AgCl, which was 

related to the oxidation of PB to Berlin Green (BG). Since the device was designed to 

operate at low potentials between -0.10 V to 0.30 V, this second electrochemical process 

(i.e., PB → PG and vice versa) was not considered.  

 

Figure 3.9. a) CV recorded at 5 mV·s -1 of PB pastes when printed over Cgraphite WE and using 0.1 M 
KNO3 aqueous electrolyte. The potential region where PB is stable is outlined in blue. PW is shown in 
grey and BG in green. b) UV-Vis absorption spectra showing the reversible PB → PW electrochromic 
process on application of increasing reduction potential values (from 0.40 V to 0.0 V (vs Ag/AgCl)). 

Regarding the spectroscopic response, the high absorbance of the PB ink at λmax = 

680 nm associated to its deep blue color decreased after applying reduction potentials 

below 0.20 V. The fully bleached state (PW) was obtained at 0.00 V vs Ag/AgCl, 

obtaining the highest color contrast around 30%. The electrochromic system presented 

good reversibility and recovered the initial PB state after applying oxidation potentials 

close to 0.40 V vs Ag/AgCl. Figure 3.9 b). 

Lactate biosensing required the implementation of a crosslinked mixture containing 

lactate oxidase (LOx), poly(1-vinylimidazole) and a redox mediator Os(4,4'-

dimethylbpy)2CI (PVI-dmeOs) 14. The redox mediator presented low potentials, i.e., an 

oxidation peak at Epa = 0.12 V vs Ag/AgCl (OsII/OsIII) and the corresponding reduction 

peak at 0.19 V vs Ag/AgCl (OsIII/OsII), which allow it to mediate the electron transference 

from the enzyme to the electrode. The presence of the mixture conferred the biosensor 

with capacity to detect lactate through the reaction cascade depicted in Figure 3.10 a). 
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Overall, the reaction started when lactate was present in the medium and the enzyme 

LOx oxidized it to pyruvate. The reduced form of the enzyme was then reoxidized by the 

redox mediator, PVI-dmeOs, which was reduced, at the same time, from to PVI-dmeOs 

(III) to PVI-dmeOs (II). The redox mediator is finally reoxidized on the electrode surface 

by applying the suitable potential. With this, and thanks to the cascade reaction, it is 

possible to produce an electron flow that is directly proportional to the lactate 

concentration in the sample. 

The catalytic capacity of the PVI-dmeOs-LOx complex was assessed by drop-

casting the mixture solution on Cgraphite WE screen-printed electrodes and incubate them 

with a solution containing lactate. When the mixture was placed on the electrode surface 

and dried, it remained adsorbed on the graphite carbon electrode by physical 

interactions. After lactate addition, the reversibility of the osmium mediator was lost, and 

a higher intensity irreversible peak was observed only in the cathodic sweep by the 

catalytic activity of the mixture when lactate was present. Figure 3.10. b). 

In a second assay, the analytical performance of the lactate biosensor was 

evaluated. Current densities of the biosensor after incubation with PBS solutions 

containing lactate concentrations in the range between 0 and 12 mM were acquired by 

amperometric detection and plotted. Figure 3.10. c). A linear detection range between 0-

4 mM lactate was obtained before biosensor saturation in the range between 4 and 12 

mM.  
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Figure 3.10. a) Reaction cascade produced when oxidizing the redox mediator PVI-dmeOs (II) on the 
electrode, which triggers the oxidation of lactate present in the sample. b) CV of dropcasted biosensor 
on Cgraphite screen-printed electrodes, using PBS as supporting electrolyte and scanned at 5 mV·s -1. A 
reversible wave corresponding to the redox response of PVI-dmeOs is observed. After the addition of 
lactate, a catalytic effect is detected. c) Current densities extracted from chronoamperometries at Eapp 
= 0.30 V (vs Ag/AgCl) for various concentrations of lactate (0 – 12 mM) in PBS. The current density 
value for each case was taken when a constant current was achieved (after 120 s). 

In the skin-patch configuration, the anode, i.e., the biosensor, was in a coplanar 

arrangement adjacent to the PB strip, which functioned as the cathode. Both anode and 

catode were printed on a conductive and transparent substrate of poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). 

Before the construction of the final device, the suitability of PEDOT:PSS electrodes 

as conductive supports was assessed. PEDOT:PSS is known to be much more 

affordable than others materials conventionally used in the production of transparent 

electrodes, e.g. indium tin oxide on polyethylene terephthalate (ITO-PET). However, its 

large electrical resistivity (400 Ω·cm-1 vs 60-75 Ω·cm-1 of ITO-PET), may limit its use in 

the development of electrochromic systems. A conventional strategy to overcome this 

limitation consists of increasing the thickness of the PEDOT:PSS layer. However, in the 

case of electrochromic displays and sensors this strategy may be not suitable since 

PEDOT:PSS also presents electrochromic properties and change its color when 

applying reduction/oxidation potentials. This limitation is particularly relevant in the case 
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of PB since both materials absorb at the same wavelength (λmax=685 nm) and thus, 

PEDOT:PSS may mask PB color changes. 

In order to achieve a proper compromise between conductivity and color change, 

the electrochromism of PB on PEDOT:PSS layers of different thickness was studied by 

UV-Vis spectroelectrochemistry and compared. As a result, clear readout with suitable 

perfomances were obtained when depositing a PB layer of 30 µm thick on two layers of 

PEDOT:PSS of 2 µm. 

In general, the methods for extracting chemical information from electrochromic 

sensors varies from a hue color change 15, understood as a total color change between 

a colored and a colorless form generating a type of 'yes/no' response, to a gradual color 

change proportional to the concentration of analyte present in the sample. In this case, 

quantitative determination was necessary since variation of lactate levels may result in 

more or less critical pathological situations. Among other quantitative strategies, the final 

prototype in this section was designed based on the iR drop effect described by Pellitero 

et al. in the production of PB self-powered electrochromic displays. The iR drop effect 

takes benefit from the fact that, in a coplanar configuration, the internal resistance 

gradually increased with distance between the anode and the cathode 16. Thanks to that, 

it is possible to relate the energy supplied by the redox reaction in the biosensor, which 

directly proportional to the analyte concentration, to the PB reduction. Since the internal 

resistance increases gradually, the conversion from PB to PW is easier and faster in 

those molecules situated closer to the anode. This produces the partial conversion of the 

cathode from PB to PW, with the particularity that the length of the colored region is 

directly proportional to the analyte concentration. This fact provided a very simple 

manner to quantify the target molecule, even with the bare eye. 

Based on that, the anode (biosensor) and the cathode (electrochromic display) in the 

final prototype were printed on conducting PEDOT:PSS substrates and connected to 

form a galvanic system. Additionally, the system implemented an electrolyte layer 

composed of EMIM TFSI and potassium triflate (KTf) covering the cathode and the gap 

between cathode and anode. The role of the electrolyte layer was double. On the one 

hand, it was necessary to ensure the proper color change of the electrochromic layer of 

PB since the crystalline structure of PB required K+ ions for bleaching to PW. On the 

other hand, the isolation of the cathode with the IG stabilized the response of the cathode 

while minimizing the influence of any interfering molecule in the sample. Figure 3.11. 

shows the steps followed to produce the electrochromic skin-patches. 
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Figure 3.11. Steps followed to produce the device by screen-printing. A top view of the final 
appearance is shown on the right. 

In self-powered systems, power is commonly the limiting factor that affects their 

operation, leading to limited performance. This problem was solved in the current 

prototype by using electrochromic displays, which provide visual information of the 

analyte concentration through a simple color change.  

The electrochromic wearable was designed in a way that could operate, providing 

quantitative information, without the need for external instruments or power sources. It 

took advantage of the configuration of the electrochemical cell, containing an anode 

(biosensor) with a lower redox potential that the PB electrochromic cathode. Even when 

both cathode and anode were connected by a conductive layer, the redox reaction did 

not occur spontaneously due to the internal resistance that the device strategically 

presents 16, which conferred it with biosensing capacity. That this, color changes were 

only driven in the presence of lactate, which was the trigger that initiated the cascade of 

reactions. The reason was on the changes of cell potential with and without lactate. The 

cell potential of the current system was: Ecell = Ecat – Ean – iR. When lactate concentration 

was 0, iR > Ecat – Ean, and the system remained stable and at an OFF situation. When 

lactate concentration reached a value close to 1 mM, iR < Ecat – Ean due to an increase 

in Ecat – Ean, which behaved in a Nernstian manner. According to this, higher lactate 

concentrations would increase Ecell, resulting in the reduction of PB molecules situated 

farther from the anode and thus, in a decrease of the colored length. The length of the 

colored PB region would be then proportionally to the lactate concentration for the range 

of concentrations studied and for the proposed design. 
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As an experimental demonstration of the sensor performance, Figure 3.12. a) 

shows the images of the devices before and after incubation with lactate concentrations 

between 1 and 13 mM. from As expected, the front color was proportional to the lactate 

concentration, reaching larger distances at higher concentrations (corresponding to 

higher Ecell). In absence of lactate, no color change was observed, confirming the 

selectivity of the device. Notably, the color distances did not return, probably because 

the sample volumes were large enough to maintain the electromotive force during the 

experiment. 

 

Figure 3.12. a) Images taken of the displays at various times and with different concentrations of 
lactate solutions in PBS. The bleaching distance in the electrochromic display (PB strip) is observed. 
b) Color analysis by ImageJ of PB strips. The bleaching distance is represented by analyzing the color 
intensity measured in the red channel to obtain better sensitivities. The distance was measured after 
24 min when the steady color was reached. c) Representation of bleaching distance vs time is also 
plotted so that the time required to obtain a stable color readout (10 min) is determined. 

Sensor images were processed with the ImageJ software. First, they were split into 

the three main colour using the RGB analysis function, and then the red channel (R) was 

selected for being the one providing best sensitivities. Figure 3.12. b) shows the 
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distances reached as a function of concentration at times until 24 min after the previous 

treatment. As shown, the sensors reached an end point after 24 min of incubation 

because the potential difference (Ecat – Ean) or electromotive force equaled the ohmic 

drop (iR). However, the 85% response was already obtained after 10 min of incubation, 

making the devices suitable for wearable applications. Figure 3.12 c).  

In summary, the present study presents advances towards the development of self-

powered wearable biosensors, simpler and more sustainable than current alternative, for 

potential use in resources-limited setting. Regarding the operation principle, the device 

is capable to report on lactate levels by simple visual inspection thanks to a configuration 

that correlates the level of analyte with the length of the PB colored regions. This 

configuration provides quantitative data without the need for external power sources or 

instruments. The electrochromic materials are here implemented in biosensors to create 

an electrochemical device able to perform three purposes in a single electrochemical 

cell: energy generation, sensing, and information display. The detection ranges of the 

device are in agreement with those obtained in blood, i.e. 1.5 mM before physical 

exercise to 10 mM after physical exercise, but still far from those reported in sweat, 

ranging from 20 and 70 mM after exercise. However, due to the simplicity and versatility 

of the sensor operation principle, it could be improved through future adaptation of the 

prototype, which would imply a promising approach to the non-invasive monitoring of 

biomarkers. 

The advances described here is the result of a previous contribution in the following 

publication: Sensors and Actuators B: Chemical 2020, 306, 127535. 

In this study, a first version of the coplanar configuration proposed for the self-

powered electrochromic biosensor was electrochemically characterized for the first time. 

As  difference to the studies included in this thesis, the device was provided with electrical 

connections to connect it to a potentiostat and to analyze the color variation of the 

electrochromic display as a function of the system resistance and the generated current 

density. It was found that for the display built using IG as electrolyte, the maximum 

current density obtained was 35 µA·cm-2, which led to a blurred bleaching front. However, 

the design presented in this thesis was corrected and a better defined color front was 

observed. 

https://www.sciencedirect.com/science/article/abs/pii/S0925400519317344?via%3Dihub
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3.3. All-in-one (photo)electrochromic systems 

One of the main drawbacks of compounds with real electrochromism is the inability 

to induce a change of state, and color, by means of different stimuli. In opposition, MS 

are organic compounds many of them sensitive to multiple stimuli of different nature. 

When each stimulus induces a different color change, it is possible to reach multicolored 

states. In other cases, it is possible to make the transition from one colored state to the 

other using different stimulus, although the change of color is identical in all cases. 

To implement the MSs in appealing applications, it would be necessary to 

incorporate them in solid-state systems. Unfortunately, this process is not straight 

forward since MSs need to perform important conformational changes, which are highly 

prevented in the solid state formats. It is one of the main objectives of the thesis to 

implement MSs in solid-state structures for the production of advanced devices. For this, 

the use of gel-solid consistency supports, i.e., IG, is considered in the processing and 

manufacture of the MS-containing devices. 

3.3.1. Development of Multistimuli IG flexible materials based on Nitrospiropyran 
(NO2BIPS) 

The study presented in this section was published in the following scientific journal: 

Appl. Mater. Interfaces 2021, 13, 26461–26471. 

Spiropyran-like compounds are excellent candidates for a multitude of applications 

due to their ability to reversibly change between states with distinct features (e.g., color 

and polarity) in response to external stimuli. Although photo-isomerization between their 

colorless spirocyclic (SP) and colorful merocyanine (MC) isomers is their most exploited 

property, these compounds are able to respond to other external stimuli, including pH, 

presence of metal ions, solvent polarity, and redox potentials, among others. Considering 

that, IG membranes were doped with the derivative nitrospiropyran (NO2BIPS), and the 

response of the solid-state material to the different stimuli was evaluated. The study of 

the responses of this material to different types of stimuli is presented below. 

https://pubs.acs.org/doi/10.1021/acsami.1c04159


Results and Discussion 

99 
 

i. Photochromism of nitrospiropyran in IG membranes (NO2BIPS@IG) 

The photochromism of NO2BIPS was investigated first in using N1114 TFSI solutions, 

and then after implementation in IG membranes (NO2BIPS@IG) based on N1114 TFSI 

since it offers a broader electrochemical window. 

As already reported 17,18, NO2BIPS solutions presented a maximum absorbance 

peak in the UV range, i.e., at λabs = 346 nm, corresponding to its most thermally stable 

form, the closed-ring SP. After irradiation at λexc = 356 nm, SP is photo-isomerized into 

the MC open form, with an isomerization yield of 28% once the photostationary state 

(PSS) was reached. The ring opening isomerization involved the cleavage of a C-Ospiro 

bond, conferring the isomer a vivid purple color. In fact, MC form presented two 

absorption bands at λabs 1 = 376 nm and λabs 2 = 555 nm, the latter responsible of its 

coloration. The conversion could be totally reversed to the SP form by exposition to 

visible light. Figure 3.13. 

 

Figure 3.13. a) Reversible photochromic scheme of NO2BIPS from the closed-ring or spirocyclic 
isomer (SP) to the open-ring merocyanine form (MC) under UV and visible light respectively. b) 
Absorbance UV-Vis spectra of 0.5 mM NO2BIPS in N1114 TFSI after and before irradiation of the sample 
at λexc = 356 nm. 

In the preparation of NO2BIPS@IG membranes, the content of NO2BIPS in the IG 

was one of the most critical points and two aspects should be considered. On the one 

hand, the NO2BIPS content should be high enough to produce a good color contrast 

within the concentration range satisfying the Lambert-Beer law, thus enabling 

quantification. On the other hand, the compound should dissolve completely in the IL, 

and distribute homogeneously, to present suitable switching performance.  

Taking in mind previous considerations, a number of membranes were prepared, 

which containing between 0.05-0.5 mg NO2BIPS/g IG. Initial studies concluded that all 
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of them presented rheological properties similar to pristine IGs (elasticity, transparency, 

flexibility, etc.). This demonstrated that NO2BIPS could be processed through a very 

simple manufacturing process only requiring a simple entrapment step. Additionally, 

once entrapped, NO2BIPS@IG membranes could be shaped and cut very easily, which 

offered a myriad of possibilities for the design and production of smart devices. 

Regarding their chromic properties, the closed SP form of NO2BIPS was again the 

most stable in the IG membrane, making the films essentially transparent to the naked 

eye. After irradiating with UV light (λexc = 365 nm), it was possible to photo-isomerize the 

compound and to produce the intensely colored MC form. Figure 3.14. a). The spectral 

properties of both SP and MC forms in the membrane where completely comparable to 

those obtained in solution, either in N1114 TFSI or ACN. Figure 3.14. b). At the PSS, a 

total conversion of 22% for MC was obtained in the membrane, which quite similar to the 

28% obtained in N1114 TFSI solutions. Additionally, the quantum yield in the membrane 

was found to be ΦSP-MC = 0.15 ± 0.03, which was in agreement with the values reported 

by this compound in polar solvents such as ACN (ΦSP-MC = 0.12) 18. 
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Figure 3.14. a) Photochromic characteristics of NO2BIPS@IG membranes. Exposure to UV light (λexc 
= 365 nm) resulted in a vivid pink coloring, while visible light resulted in a transparent membrane. b) 
Color change of NO2BIPS@IG membranes is analyzed by UV-Vis absorbance spectroscopy. Initially, 
the membrane is completely transparent corresponding to the SP form as registered by UV-Vis 
spectra. After irradiation at λexc = 365 nm and the PSS is reached, the pink lined spectra is obtained, 
demonstrating that the MC form in IG membranes is conceivable. c) A patterned membrane was 
created with the use of a photomask by irradiating the open sections through the photomask at λexc = 
365 nm. The region exposed to UV light became pink (MC), whereas the sections that were not 
exposed to UV light (squares) stayed clear (SP). After 1h in the dark, the patterning is maintained and 
a slight decrease in color intensity can be seen. 

In reference to the reverse back-isomerization from MC to SP, spontaneous thermal 

back-isomerization was found to follow a first order kinetics at a constant rate kMC→SP = 

9.2 x 10-4 s-1 at 25 oC, which similar to the magnitude reported in solution by organic polar 

solvents (N1114 TFSI: kMC→SP = 1.9 x 10-3 s-1; ethanol: kMC→SP = 9.2 x 10-4 s-1 at 25 oC). 

The process was slower than photo-isomerization and enabled the creation of patterns 

such as the one shown in Figure 3.14. c). The reason for that slow thermal reversion was 

associated to two factors: (i) the limited mobility of NO2BIPS molecules inside the 

membranes and (ii) principally, the polarity of the solvent, i.e., N1114 TFSI, which stabilized 
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the MC form avoiding its fast reversion. Coversely, when irradiating the sample with 

visible light, the process was faster and the membrane was totally converted to the 

transparent SP form after short irradiation times (i.e, 2 s).  

The switching process between SP and MC forms could be repeated several times 

without affecting the membrane properties thanks to its robust responsiveness. This 

confirmed that the photo-switching behavior from SP to MC and vice versa remained 

unalterable after the incorporation of NO2BIPS in IG membranes. A plausible explanation 

of this fact may be that NO2BIPS molecules in the membrane remained, in fact, dissolved 

in the ionic liquid phase of IG. This IL offered a soft, fluidic, and conductive environment 

to NO2BIPS, which could switch in response to light, as they were in solution. After that 

observation, other stimuli were studied to evaluate the multi-response capacity of the 

NO2BIPS@IG membranes to chemicals, electrical current or temperature, among others.  

ii. Thermo and halochromism of NO2BIPS@IG membranes 

Apart from the well-described photochromism, thermochromism 19 (i.e., color 

change due to temperature changes) and halochromism 20,21 (i.e., chromic response to 

acid-base changes in polar solvents) have been also reported by NO2BIPS in solution. 

Here, these two properties were investigated in NO2BIPS@IG membranes 

Halochromism of NO2BIPS molecules is attributed to the basic behavior of the 4-

nitrophenolate group of the MC form. After addition of a strong acid, i.e., H2SO4, in the 

dark, the SP structure opened to yield (Z)-MCH+ with the 4-nitrophenolate group 

protonated. This produced transparent NO2BIPS solutions and membranes, with an 

absorption band at λabs < 350 nm. In the membrane, the exact position of the band could 

not be determined since overlapping with the absorption band of the IG. When irradiating 

the compound with UV light at λexc = 365 nm, both the solution and the membrane 

become yellow with a clear absorption band close to λabs = 400 nm. This color was 

associated to the isomerization of (Z)-MCH+ to (E)-MCH+, which corroborated the 

formation of the (Z)-MCH+ isomer in acid conditions. The yellow color could be reversibly 

converted to transparent after irradiation with visible light, λexc = 445 nm, which produced 

the transformation from (E)-MCH+ to (Z)-MCH+. Figure 3.15 a).  
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Figure 3.15. a) UV-Vis absorption spectra corresponding to NO2BIPS@IG membranes under light and 
pH variations. b) Images of membranes after exposure to light, pH changes or combinations of both. 
A droplet of a diluted solution of H2SO4 (10 mM) was used to decrease the pH. Meanwhile, a diluted 
solution of tetrabutylammonium hydroxide (TBAOH, 10 mM) was prepared and used to recover pH 
neutrality. 

An additional experiment was performed to confirm the previous mechanism 

qualitatively, which illustrated in Figure 3.15. b). As shown, the membrane was initially 

transparent (A), even after the addition of a droplet of diluted sulfuric acid solution (B) in 

the center. After irradiation with UV light, the membrane acquired an intense pink color 

(B’), except for the acid-contact region, which turned yellow (C’). The membrane returned 

to its initial transparent coloration either after direct irradiation with visible light (D’) or 

after incubation with a basic solution (D’’) and visible light irradiation (E’’). It is important 

to remark that prolonged acid-base cycles led to the chemical degradation of the 

membranes, possibly due to a Hofmann elimination of the quaternary ammonium of N1114 

TFSI.  

On the other hand, the thermochromic behavior of NO2BIPS molecules was also 

investigated in solution and in NO2BIPS@IG membranes. When heating the compound 

above 29oC, a gradual color change was observed from colorless to intense pink colored, 

with absorptions bands close to λabs=550 nm. Concretely, NO2BIPS@IG membranes 

presented an absorption band located at λabs=552 nm, which slightly differed from those 

obtained with the same sample after photoisomerization (λabs=548 nm). Figure 3.16. This 

discrepancy was associated to the formation of different stereoisomers through the two 

mechanisms.  

Thermochromism reached a maximum absorption value at 45 oC, with 

thermochromic efficiencies of 4% and 5% in solution and in membranes, respectively. 

This result suggested a better stabilization of the MC isomer when induced by UV light.  
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Figure 3.16. a) Images of NO2BIPS@IG membranes at different temperatures. b) UV-Vis absorption 
spectra of NO2BIPS@IG membranes. An increase at λabs=552 nm when increasing the temperature is 
observed due to the formation of MC isomer.  

The reversibility of thermochromism was also demonstrated since the samples 

recovered their transparency after cooling down by the formation of the initial SP isomer. 

Thermal cycles also demonstrated the stability of the sample, without apparent 

degradation of either the NO2BIPS compound or the IG membrane. 

As a result, these resulted confirmed that it was possible to produce low-cost photo-

halo- and thermochromic materials based on spiropyrans for smart sensing, labeling, 

and packaging, among other applications. 

iii. Electrochromism of NO2BIPS@IG membranes 

Response upon oxidation potential 

Although already demonstrated, the electrochromic properties of spiropyrans have 

received less attention than previous photo-, halo- or thermos-chromic properties. As a 

result, there is a lack of understanding of the electrochromic mechanisms of these 

compounds, which limits their implementation in redox-induced solid-state materials and 

systems.  

Regarding to the latter, we explored the electrochromic and electrochemical 

characteristics of NO2BIPS@IG membranes on the basis of previous results obtained by 

Browne et al. concerning NO2BIPS redox-response in solution. According to them, 

electrochromic properties of NO2BIPS resulted from the dimerization of the compound 

after oxidation 22–24. 
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The anodic response of NO2BIPS@IG membranes after CV analysis is illustrated 

in Figure 3.17. a). The compound presented initially a peak at 0.95 V (vs Ag/AgCl), which 

decreased with the consecutives CV cycles, resulting in two new peaks at 0.77 and 1.10 

V (vs Ag/AgCl). Based on the studies in solutions, the initial anodic peak at 0.95 V may 

be related to the electrochemical oxidation of the amino groups of the indoline moiety. 

The appearance of the two new oxidation peaks at 0.77 and 1.10 V (vs Ag/AgCl) may be 

associated with the dimerization reaction (Figure 3.17. b)) for two reasons. On the one 

hand, the peak positions agreed with the formation of the radical cation (0.77V) and the 

dication (1.10V) of the dimeric form, respectively. On the other hand, the oxidation 

signals magnitude was half of that recorded with the monomer, which coincided with 

what expected in a dimerization process. 

 

Figure 3.17. a) CV of NO2BIPS@IG membranes recorded at 20 mV·s -1. After 30 consecutive cycles, 
the initial peak located at 0.95 V (vs Ag/AgCl) decreases (solid black line) and there are two new ones 
due to the formation of SP-SP (solid red line). Dashed lines correspond to the intermediate 
voltammograms. b) Dimerization reaction that occurs when the sample is oxidized. 

These results confirmed the possibility to directly transfer the electrochemical 

features of NO2BIPS from solution into solid-state materials. However, IG materials may 

promote SP electrodimerization in ways not possible in solution, which may benefit their 

electrical performance. Hence, two main processes may contribute to SP dimerization, 
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namely i) the decrease in NO2BIPS diffusion into IG membranes, which may benefit the 

reactivity between neighboring SP radical cations; and ii) the increase in stability of 

radical cation species in the IG by solvation. 

It is also worth noting that the electrochemical dimerization of NO2BIPS in IG was 

accompanied by a color change resulting from the structural changes produced in 

NO2BIPS molecules. Electrochromic properties of these membranes were studied using 

UV-Vis spectroelectrochemistry.  

When applying 1.20 V (vs Ag/AgCl), the electrochemical dimerization of NO2BIPS 

caused a noticeable color change to reddish-orange. This observation was associated 

to two different processes, taking place consecutively. First, the most thermodinamically 

stable form of NO2BIPS, the SP isomer, was oxidized and dimerized in SP-SP molecules. 

In a second step, SP-SP molecules were overoxidized at high potential (>1.10 V vs 

Ag/AgCl) to the corresponding dication [SP-SP]2+. The formation of the dication was 

confirmed spectroelectrochemically through the presence of two absorbance bands at 

λabs=416 and 500 nm when applying 1.20 V (vs Ag/AgCl), which corresponded to [SP-

SP]2+. The following parameters related to the electrochromism of the dimerization 

process were determined at λabs=500 nm: i) a large color contrast of ΔT = 90%; ii) a long 

response time of ta = 125 s, most likely due to limited diffusion in membranes, which 

minimize molecular interactions required for dimerization; and iii) an electrochromic 

efficiency of η = 245.9 cm2·mC-1. 

The dimerization process was irreversible, and a permanent coloration was observed in 

the membrane in the area where the electric potential was applied, as expected by a 

compound with electrochromism ‘with memory’. However, the [SP-SP]2+ dimer presented 

a reversible two-step reduction process, where it was reduced first to the corresponding 

radical cation [SP-SP]•+, and then to the neutral [SP-SP] form, when applying 0.2 V (vs 

Ag/AgCl). These reversible reductions revealed consecutive color changes from reddish 

([SP-SP]2+), orange ([SP-SP]•+) to yellow ([SP-SP]). This observation agreed with 

spectrochemical analysis, where the following absorption bands at λabs = 360 and 473 

nm, corresponding to the [SP-SP]•+, and at λabs = 385 and 984 nm, associated to the [SP-

SP], were obtained. The near-IR band may correspond to charge transfers with the 

dication and monocation species.  

The color contrast estimated for the reduction of [SP-SP]2+ to the neutral form 

[SP-SP] was ΔT = 47%, which lower than before by the overlapping of the absorbance 

peaks corresponding to [SP-SP]2+ and [SP-SP] species. The reduction had a shorter 
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response time of tc = 60.4 s since not requiring the interaction of different molecules. 

Figure 3.18. a). After subsequent cycles of oxidation (Eapp = 1.20 V (vs Ag/AgCl)) and 

reduction (Eapp = 0.20 V (vs Ag/AgCl)), the response remained fairly stable when 

measuring the absorbance at λabs = 500 nm. Figure 3.18. b). 

It should be concluded that, although the dimerization process was irreversible 

and should be classified as electrochromism ‘with memory’, the dimer itself presented a 

reversible electrochromic response corresponding to ‘true’ electrochromism’.  

 

Figure 3.18. a) UV-Vis absorption spectra of initial SP monomer and the dimer in its various oxidation 
states: SP-SP, [SP-SP]•+, [SP-SP]2+. b) Reversible electrochromism of the dimer upon consecutive 
oxidation (at 1.20 V (vs Ag/AgCl)) and reduction (at 0.20 V (vs Ag/AgCl)) cycles. 

Response to reduction potential 

Apart from the previous electrochromic response to oxidation potentials, spiropyran 

monomers are also susceptible to electrochemical reduction. The reduction potential is, 

in this case, very dependent on the donor character of the functional groups in the 

molecule, and in their positions. These groups also affect the stability of the reduction 

intermediates, giving rise to different reaction mechanisms. It is known, for example, that 

the substitution of spiropyrans with an electrowithdrawing group at the 6’ position in the 

benzopyran moiety is crucial for the stabilization of the phenolate group of the MC form 

and its half-life. This is the case of NO2BIPS, which presents a nitro electrowithdrawing 

group at the 6’ position. In this case, the ring-opening and the formation of the colored 

MC form is the preferred reduction mechanism. This obviously improves the 

photoelectrochromic characteristics of the compound 25–27. Moreover, the -NO2 

substituent is particularly interesting since it can be reduced at relatively low applied 

potentials. 
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Although it is known that NO2BIPS derivatives can undergo ring-opening and 

access the MC form through electrical stimuli, the reduction mechanism is still 

controversial, which limits the use of these compounds in electrochromic applications. 

Considering that, a preliminary study in solution conducted aiming to clarify the process 

involved in the electrochromic response of NO2BIPS molecules. 

The electrochemical behavior of the compound was studied by CV. Figure 3.19. a). 

No faradaic currents were detected in the first anodic sweep recorded from 0.0 V to 0.60 

V (vs SCE). Subsequent cathodic scan from 0.60 to -1.30 V (vs SCE) presented a 

reduction peak at relatively low potentials of Epc,1 = -1.23 V vs SCE. This one-electrode 

pseudo reversible cathodic peak (ΔEp ≈ 56 mV) was associated to the reduction of the 

closed SP form, i.e., the most thermodynamically stable, to the [SP•‾] radical anion. The 

reverse oxidation peak observed at Epa,1= -1.10 V (vs SCE) corresponded to the 

oxidation of [SP•‾] to SP. Apart from that, two new peaks appeared at Epa,2= 0.19 and 

Epa,3 = 0.47 V (vs SCE), which will be discussed above in this section.  

 

Figure 3.19. a) CV of 5 mM NO2BIPS solution in acetonitrile (ACN) and 0.1 M of TBAPF6 as supporting 
electrolyte. Scan rate 0.5 V·s -1. b) Study of the reduction peak at different scan rates (from 0.01 to 10 
V·s-1). 

The anodic and cathodic current intensities increased linearly with the square root 

of the scan, confirming that (i) the electrochemical reduction of NO2BIPS was a diffusion-

controlled process; and (ii) no adsorption occurred on the electrode surface. Figure 3.19 

b). The reversibility of the oxidation-reduction process between SP and [SP•‾] was 

determined by comparing the cathodic (Ipc) and the anodic peak current values (Ipa) at 

several scan rates. Results in Figure 3.19 b) show how the ratio Ipc/ Ipa ratio decreased 

when increasing the scan rate up to values close to 1 at scan rates above 10 V·s-1. Thus, 

the reduction electron transfer of NO2BIPS became totally reversible at fast scan rates, 
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meaning that the SP•‾ generated on the electrode surface was completely oxidized to SP 

in the reverse anodic scan. Considering the peak width (ΔEp ≈ 56 mV) and the 

independence of the cathodic peak potential on the specie concentration, it was 

concluded that the electron transfer reaction was of first order. Based on these results, 

an EC mechanism with a fast one-electron transfer step (E) followed by a homogeneous 

and irreversible chemical reaction (C) was proposed for the electrochemical reduction of 

NO2BIPS. Scheme 3.1. Considering that, it was possible to determine the value of the 

kinetic constant of the electron-transfer chemical reaction, obtaining a value of k = 0.003 

s-1.  

In order to evaluate the viability of the proposed mechanism, theoretical 

calculations of the stability of the SP and MC neutral and radical anion forms were 

performed. As expected, the calculations revealed that the SP isomer was the most 

stable form in ACN (0.6 kcal mol-1). Interestingly, the MC radical anion (MC•‾) form was 

3 kcal mol-1 more stable than the corresponding SP radical anion (SP•‾). According to 

these results, it may be concluded that the most plausible mechanisms for the reduction 

reaction was an isomerization. Scheme 3.1. 

 

Scheme 3.1. Mechanism proposed for the electrochemical reduction of NO2BIPS in solution. 

Chemical analysis of the species involved in the reaction required the isolation and 

purification of the product. To this end, a 30 mM solution of the compound was 

electrolyzed at -1.30 V (versus SCE) in ACN 0.1 M TBAPF6 and in an inert atmosphere. 

After the passage of 1 F, the electrochemical reaction was considered completed, and a 

dimeric product (P) was successfully isolated and analyzed by different chemical 

techniques, including CV, proton nuclear magnetic resonance spectroscopy (1H-NMR); 

high-resolution electrospray ionization mass spectrometry (ESI-MS) and Attenuated 

Total Reflectance Infrared Spectroscopy (ATR-IR). 
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ATR-IR spectra corresponding to the starting reagent and the formed dimer (P) 

were comparable due the high structural similarity of both compounds. Main differences 

between them were: (i) in the 1657 cm-1 peak corresponding to the vibrational stretching 

of the olefinic carbons, which disappeared after the formation P; and (ii) in the 976 cm-1 

corresponding to the O-C-N stretching mode peak, which shift in the P dimer due to the 

opening of the structure. 

ESI-MS revealed the exact mass of the new chemical species, i.e., M+ nNa= 

669.2661, which was compatible with two NO2BIPS units. This confirmed that the P was 

a dimer, where hydrogenated olefinic carbons due to the exposure of the sample to 

longer electrolysis times and large charge amounts.  

 

Figure 3.20. a) Mechanism of the electrochemical reduction proposed and the hypothetical 
intermediate b) 1H NMR spectrum (360 MHz, in CDCl3 of initial NO2BIPS in the SP form (black spectra) 
and product P electrochemically synthetized and purified (blue spectra). Labels in red correspond to 
proton signals that presented larger shifts before and after electrochemical reduction. 
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Regarding the electrochemical response of P, and as already observed by cyclic 

voltammetry, two new oxidation peaks located at Epa,2= 0.19 and Epa,3= 0.47 V (vs SCE) 

appeared during the electrosynthetic process, whereas the peak current value of the first 

reduction peak diminishes to 50% after the passage of 1 F (C·mol -1). Figure 3.21. The 

presence of the two new oxidation peaks at low potential was associated to the oxidation 

of a phenolate moiety, which supported the information previously detailed. 

 

Figure 3.21. CV of a solution 30 mM of NO2BIPS in its initial SP form and the dimeric product (P) 
obtained after the reduction of SP and purification. The CV was registered using ACN 0.1 M TBAPF6 
as solvent at a scan rate of 0.1 V·s -1 

Spectroelectrochemical studies were performed aiming to resolve the 

electrochemical reduction mechanism and to confirm the existence of P. The latter was 

sustained on the fact that P was responsible for the anodic peaks at Epa,2 = 0.19 and Epa,3 

= 0.47 V (vs SCE) after the ET of the SP form in the CVs..The results showed a significant 

increase in the absorbance at λmax = 426 nm (yellow color) at reduction potentials slightly 

higher than Epc,1 = - 1.23 V, (Eapp = - 1.30 V (vs SCE)). The appearance of this band was 

in good agreement with the formation of a dimeric product, P•‾, with an electronic 

resonance in the 4-nitrophenolate moiety (λmax = 400 nm for 4-nitrophenolate) 28. 

Considering that, the previous oxidation peaks at Epa,2 = 0.19 and Epa,3 = 0.47 V (vs SCE) 

was associated to the oxidation of the two phenolate moieties present in the P since 

similar to the electrochemical response of pure 4-nitrophenate derivatives in the same 

conditions 29,30. Figure 3.22. 
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Figure 3.22. a) Spectroelectrochemistry of 0.5 mM NO2BIPS solution in ACN 0.1 M TBAPF6 in its initial 
form SP (λmax = 346). Initially, no potential is applied but after 5 seconds there is a reduction potential 
of Eapp = - 1.30 V (vs SCE), a large increase at λmax = 426 nm because of the formation of P•⁻. 

The previous results were confirmed by B3LYP-D3 calculations in ACN and at room 

temperature. The coupling reaction between the two spiropyran units at the merocyanine 

radical anion (MC•⁻) was favored by the spin density in the 6-carbon ring. Thus, the two 

open NO2BIPS anion radical units (in the merocyaninic form) would couple by making a 

σ-bond in the olefinic C4, being separated by a distance of 3 Å. Thus, the reduction of 

SP provoked the C(spiro)-O bond cleavage, leading to the formation of MC•⁻ that evolved 

to the formation of P2-, which would present an open structure merocyanine-type isomer. 

This meant that, prior to dimerization, there was a ring-opening of the spiropyran units. 

Note that there were precedents in similar π-delocalized systems, where two radical 

anions reacted leading to a doubly charged σ-bonded dimeric species 31–33 After the 
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dimerization, the abstraction of a hydrogen atom from the solvent would take place, 

leading to the product P.  

Spectroelectrochemical analyses were completed by coupling an oxidation reaction 

to the NO2BIPS reduction. The study revealed the existence of a new compound, i.e., 

MC, with purple coloration and an absorption band at 555 nm that appeared when the 

P•⁻ was oxidized with positive potentials above 0.8 V. Figure 3.23 a). Conversely, no 

spectrochemical or electrochemical changes were observed when applying Eapp = +0.30 

V. To demonstrate the reversibility between states, 5 successive reduction-oxidation 

cycles were applied consisting of 20 s of reduction at -1.30 V followed by 30 s of oxidation 

at +0.8 V, while monitoring absorbance at λabs = 426 nm (corresponding to the maximum 

wavelength for the dimer P•‾). Results presented in Figure 3.23. c). demonstrated the 

reversibility of the system in the conversion from P•‾ to MC. It was also evident, therefore, 

that the direct conversion from SP to MC upon two-step electric input was not possible, 

but it required the formation of the yellow dimer intermediate (P).  
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Figure 3.23. a) Spectroelectrochemistry of a 0.5 mM NO2BIPS solution in ACN 0.1 M TBAPF6 in its 
initial form SP (λmax = 346). As previously demonstrated, after applying a constant potential of Eapp= -
1.30 V (vs SCE) an increase at λabs= 426 nm is observed as a result of the formation of P2-. Next, an 
oxidation potential was applied, Eapp= + 0.80 V (vs SCE), and an increase in absorption at λabs= 555 
nm was recorded due to the formation of the MC form. b) Mechanisms proposed for the 
photoelectrochromic NO2BIPS system in ACN. c) Fatigue resistance when applying successive 
potentials at Eapp= -1.30 V and Eapp= +0.80 V (vs SCE) for 40 s each 

These results pave the way to the production of reversible photoelectrochemical 

devices based on one of the most studied SP compounds. To do so, the NO2BIPS 

compound was incorporated into an IG matrix (NO2BIPS@IG) and the 

spectroelectrochemical behavior of the solid-state system was compared with that 

initially observed in solution.  

Analogously to what was observed in solution, the NO2BIPS@IG membranes were 

initially transparent, with an absorbance band at the UV region, i.e., λabs = 358 nm. After 

applying a reduction potential of Eapp = -1.30 V (vs SCE), the membrane became yellow 
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in the area in contact with the electrode, with an absorbance band at λabs = 440 nm that 

corresponded to the formation of the dimeric intermediate P•‾. Figure 3.24. 

 

Figure 3.24. a) UV-Vis absorption spectra of NO2BIPS@IG membranes corresponding to the different 
forms involved in the photoelectrochromic cycle (SP, MC and P•‾). b) Photoelectrochromic reactions 
and the appearance of NO2BIPS@IG membranes depending on the stimuli applied. 

The subsequent oxidation of P•‾ at Eapp = 0.80 V (vs. SCE) for 150 s resulted in the 

emergence of a pink color with an absorbance band at λabs = 550 nm corresponding to 

the MC form. The membrane recovered its initial colorless state after exposition to visible 

light. 

Overall, it can be concluded that apart from the photo- halo- and thermochromic 

properties of NO2BIPS, a two-step electrical input (1st reduction, 2nd oxidation) can be 

used to access the ring-open structure (MC) of NO2BIPS derivative either in solution or 

in IG membranes. The process is fully reversible since it is possible to obtain the initial 

isomer (SP) with light, closing the photoelectrochromic cycle. It has been also 

demonstrated that, with an oxidation input, it is possible to produce a dimer presenting 

electrochromism with memory, which, in turn, gives access to a new family of 

photoelectrochromes. Additionally, this isomer can be reversibly oxidized to structures 

with different oxidation states and therefore, presenting 'real' electrochromism. Figure 

3.25. summarizes the different responsiveness of NO2BIPS discovered in IG 

membranes. 
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Figure 3.25. Summary of the responsiveness of NO2BIPS@IG membranes obtained. 

Despite the advantages offered by electrical stimuli, this property has not been 

fully exploited in the development of electrochromic devices. Considering that, 

electrochromic devices operating with electrical stimuli are presented below as a proof 

of concept, aiming to elucidate their potential for large-scale manufacture. 

iv. Device production as proof-of concept 

As proof of concept, a simple microfluidic system based on NO2BIPS@IG 

membranes was constructed in order to demonstrate the feasibility of multi-

responsiveness in practical applications. Figure 3.26. The devices consisted of four 

compartments where individual NO2BIPS@IG membranes with complex shapes were 

implemented in a way that each membrane could be subjected to independent stimuli of 

different nature.  
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The ‘U’ shaped membrane was stimulated thermically by infusion of a hot liquid 

at T= 40 oC, resulting in a change of color from uncolored to pink. The ‘A’ and the ‘B’ 

shaped membranes were stimulated optically with UV-light, but the first one was 

previously incubated with an acidic solution. After UV-light irradiation, ‘A’- and the ‘B’-

shaped membranes developed yellow and pink colors, respectively. Additionally, a small 

square was cut to demonstrate the electrochromism of NO2BIPS@IG. In this case, the 

membrane was placed on the Pt electrode and an irreversible reddish color was 

achieved after applying +1.0 V vs Pt. Figure 3.26. a). 

A second device was manufactured to demonstrate the outstanding elastic and 

flexible properties of NO2BIPS@IG membranes. In this case, the device consisted of a 

single compartment containing an ITO coated PET screen-printed electrode for 

electrochromic assays, and a fluidic channel, with the inlet and the outlet, for the infusion 

of solutions, in this case acid-base solutions to check halochromism or hot water for 

thermochromic analysis. With this device, it was possible to verify the response of the 

material to an oxidation stimulus, i.e., the formation of the dimer (SP-SP) and its different 

oxidation states ([SP-SP]•+ and [SP-SP]2+), as well as the corresponding color changes 

(intense yellow, orange, red). Figure 3.26. b). 

 

Figure 3.26. a) Multistimuli device with different compartments to compare the different responses to 
various stimuli (temperature, pH, light and electricity) b) Flexible display containing a three-electrode 
system and a channel to pass solutions of different acidity and temperature. 

To test the photoelectrochromic properties through the application of a reduction 

potential to NO2BIPS@IG membranes, a two-electrode system was constructed with 

transparent ITO-coated PET electrodes. The IG membrane containing NO2BIPS was 

placed in between the electrodes for optimal electrical stimulus. Additionally, the IG 

membrane was doped with TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl), which used 
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as redox mediator to reduce the required redox potential of the system. TEMPO was 

uncolored and did not interfere the color change in the membrane caused by the 

NO2BIPS molecules.  

After the application of ΔE = 2 V, a color change was observed due to the 

reduction of SP and its subsequent oxidation by means of the TEMPO intermediate. 

Hence, when the right potential was applied, the MC form was obtained, which could be 

converted to the initial form through exposure with visible light. Figure 3.27 

 

Figure 3.27. a) Schematic representation of the mode of operation and the reactions involved in the 
manufactured photoelectrochromic device. B) Photographs taken when the potential difference is 
applied (colored) and after irradiation with visible light (colorless). 

3.3.2. Electrochemical carboxylation of bromo spiropyran (Br-BIPS) 

The results discussed in this section correspond to our recent publication: 

ChemElectroChem 2022, 9. 

Covalent bonding is a common method used in chemical functionalization of 

surfaces or materials to confer them or modify their intrinsic physic-chemical properties. 

Although this type of modification results in more stable and durable molecular 

immobilizations, covalent bonding is more complex and expensive than other 

alternatives. For example, the chemical incorporation of carboxylic functional groups or 

any of their derivatives (such as amides and esters), requires many synthetic steps, the 

use of multiple reagents, catalysts, organolithium compounds and mild-strong 

conditions, which results in moderate yields. 

In an attempt to improve the reaction yields through a greener functionalization 

route, this section will explore an alternative mechanism for the functionalization of the 

spiropyran 1,3,3-trimethylindoline derivative, -6'-bromobenzopyrylospiran (Br-BIPS) 

a) b)

https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/celc.202101559
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derived from previous experiences of the group on electrocarboxylation of aryl halide-

type compounds. 

One of the most used mechanisms for electrocarboxylation of organic compounds 

consists of the formation of a carbanion by electrochemical reduction of the compound, 

and the subsequent nucleophilic attack of this specie to a CO2 molecule to produce the 

final carboxyl addition. Figure 3.28. 

 

Figure 3.28. Schematic representation of generic electrocarboxylation processes in aryl halide organic 
compounds 

The stability (lifetime) of the carbanion is essential to keep the reaction active and 

to obtain acceptable yields. Since carbanion stability is widely improved when applying 

low reduction potential, species with low reduction potentials, including aryl halides, are 

frequently chosen as first option. Alternatively, the use of various cathodes of materials 

with electrocatalytic properties like silver, also enables to reduce the applied potential. 

Based on the previous statements, voltammetric studies of Br-BIPS in DMF and 

0.1M TBAPF6 were conducted using either glassy carbon (WEC) or silver (WEAg) as WE 

to evaluate the electrochemical behavior of the compound. With WEC, two ETs were 

observed at Epc = -2.23 V (vs SCE) and Epc = -2.47 V (vs SCE) related to the two-electron 

and one-electron reduction of Br-BIPS, respectively. Figure 3.29. a). In the case of WEAg, 

a single reduction peak at Epc = -1.92 V (vs SCE), which shifted towards fewer negatives 

(280 mV) due to the electrocatalytic effect of the cathode. Figure 3.29. b). 
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Figure 3.29. Voltammogram recorded at 0.1 V·s -1 for 5 mM Br-BIPS in DMF 0.1 M TBAPF6. a) 
Comparative electrochemical behavior observed when using WEC (solid black line) and WEAg (solid 
blue line). b) First and second ET recorded using WEC 

The irreversibility observed when using WEC indicated the existence of a second 

chemical reaction coupled to the first ET. To evaluate that, voltammetric studies of this 

first ET were performed at different scan rates and concentrations. The experimental 

results showed that: i) it was a linear relationship between Epc vs log v with a slope of 35 

mV; and ii) the Epc did not vary with the concentration. Both results confirmed that the 

reaction mechanism consisted of an electron transfer followed by a first kinetic order 

chemical reaction.  

Besides, bulk electrolysis was performed under Ar at the applied potentials just 

before the first ET (Eapp = -2.35 V for WEC and -2.00 V for WEAg (vs SCE)) and monitored 

by CV to determine the nature of the chemical species generated after the first reduction. 

After the passage of 2 F, an anodic peak appeared and increased at Epa ~ +0.70 V (vs 

SCE), which was associated to Br‾ released during the debromination of Br-BIPS. After 

chemical analysis of the electrolysis products, it was concluded that the product 

corresponded to the debrominated spiropyran, BIPS, which obtained at 56% and 91% 

yields when using carbon graphite and silver cathode, respectively.  

The one-electron reduction peak at -2.47 V (vs SCE) was then assigned to pure BIPS 

since matching the reduction peak of this compound (-2.50 V (vs SCE)) and the ET at -

2.23 V vs (SCE) was ascribed to the C-Br breakage of Br-BIPS by means of an ECE 

mechanism. This mechanism involve the following steps: i) reduction of the Br-BIPS to 

the corresponding radical cation ([Br-BIPS]•‾) (E); ii) first order chemical reaction related 

to the breakage of a C-Br bond (C), resulting in the formation of the neutral radical cation 

[BIPS]• and free Br‾; iii) second reduction of the [BIPS]• to produce the anionic form 
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[BIPS]‾ (E) thanks to the more positive potential of this second electron transfer reaction 

(E1
o < E2

o); iv) protonation of the [BIPS]‾, by subtracting the proton from either the solvent 

or the supporting electrolyte, to produce the final product, i.e., BIPS.  

Once the mechanism was investigated and confirmed the generation of [BIPS]‾ 

during the reduction of Br-BIPS in an Ar atmosphere, the atmosphere was saturated with 

CO2 and the same procedure was carried out to evaluate the electrocarboxylation of Br-

BIPS compounds. The electrocarboxylation of Br-BIPS was studied under several 

experimental techniques.  

With CV in DMF and in 0.1 M TBAPF6 under a saturated atmosphere of CO2, the 

electrochemical response of the compound was investigated. It was observed that the 

electrochemical behavior of Br-BIPS in CO2 was similar to that observed in Ar when 

using WEC: a two-electron reduction peak was detected at Epc = -2.23 V. In the case of 

WEAg, the same catalytic effect observed in Ar atmosphere was replicated here, with an 

Epc = -1.90 V, but a second reduction peak at Epc = -2.60 V was also obtained, which 

was attributed to the electrochemical reduction of CO2. Figure 3.30.  

 

Figure 3.30. Voltammograms registered at a 0.1 V·s -1 scan rate for a 5 mM solution of Br-BIPS in DMF 
in presence of CO2. The voltammograms were obtained using WEC (solid black line) and WEAg (solid 
blue line). Dashed blue line represents the electrochemical reduction of a solution only containing CO2 
(no Br-BIPS was added in this case) and using WEAg. 

Analogously, 2 F bulk electrolysis was also performed under CO2 atmosphere in 

order to understand the nature of the final product. The reaction was performed using 

both WEs, i.e., WEC (Eapp = -2.35 V (vs SCE)) and WEAg (Eapp = -2.00 V (vs SCE)), and 

monitored by CV, as before. In both cases voltammograms revealed the presence of two 

new oxidation peaks: i) one at Epa ~ +0.70 V (vs SCE) associated to the Br‾ anions 
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released after the reaction; ii) a second one at Epa ~ +0.40 V (vs SCE), which not 

observed in electrolysis under Ar, which revealed the formation of a new product, 

probably the carboxylated form of the BIPS, i.e., BIPS-COO‾. This hypothesis was 

sustained on similar reaction mechanisms where the formation of a reactive nucleophilic 

anion such as [BIPS]‾ resulted in the nucleophilic attack of CO2 molecules. The proposed 

mechanism for the electrocarboxylation of BIPS is presented in Scheme 3.2. and 

described below. 

 

Scheme 3.2. Mechanism proposed for the electrochemical carboxylation of Br-BIPS. ‘E’ refers to the 

electron transfer and ‘C’ to the chemical reaction step. 

First, a one-electron transfer took place (E), which led to the formation of the 

corresponding radical anion [Br-BIPS]•‾. Then, the intermediate evolved to the neutral 

radical ([BIPS]•) due to the spontaneous C-X bond cleavage (C). A second electron 

reduced the intermediate to the anion [BIPS]‾ form because of |Eo
2|<|Eo

1|, (E). Finally, 

the [BIPS]‾ presented enough nucleophilic character to attack dissolved CO2 molecules 

so that, the desired carboxylated compound was obtained [COO-BIPS]‾. 
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To confirm the formation of [COO-BIPS]‾, an excess of CH3I was introduced into 

the crude reaction solution to isolate the product. Chemical analysis of the final product 

after purification confirmed that it was a carboxilated form of BIPS, namely BIPS-

COOMe. This product was produced with a yield of 16% yield with WEC and 35% with 

WEAg, while reaction byproducts were detected in 36% for WEC and 30% for WEAg that 

mostly attributed to BIPS as a consequence of the competitive protonation reaction. 

As a summary of the study, it demonstrated that electrochemical carboxylation is a 

valid strategy for the functionalization of aryl halide-type compounds such as Br-BIPS in 

a more sustainable manner. The use of catalyzers significantly improves the process, 

making it less energy-consuming and increasing the lifetime of carbanions to obtain 

better yields. 

BIPS-COOMe produced in this reaction was then studied electrically and 

spectroscopically. It presented an electrochemical response different than that observed 

in BIPS or Br-BIPS due to a the electronwithdrawing effect of the ester substituent. The 

oxidation potential peak of BIPS-COOMe was less negative than those registered in 

BIPS-Br and BIPS. The difference between them was attributed to the different electron 

donor character of the substituents of these compounds (-COOMe, -Br and -H). Figure 

3.31.Figure 1.1 

 

Figure 3.31. Cyclic voltammograms of the electrochemical behavior of Br-BIPS, BIPS and BIPS-
COOMe 

Based on previous results, the electrowithdrawing nature of the substituents was 

also expected to influence the photochromic properties of these BIPS-based molecules.  
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Solutions of BIPS, Br-BIPS and BIPS-COOMe were initially colorless due to the 

predominant presence of SP isomer, which absorbing in the UV region at λabs=293 nm 

with a molar absorption coefficient of ε = 3310 – 4586 M-1 cm-1. UV-light irradiation at 

312 nm of the closed SP structure produced its opening through Cspiro-O, leading to the 

formation of the MC isomer. MC isomer presented absorbance bands in the visible region 

in the three cases, with a clear hypsochromic shift associated to their composition and 

resulting in different color hues.  

The photoreversibility of all three derivatives was assessed. Photoreversibility 

assays were performed in the presence of an ester or bromo substituent in the para 

position of the phenolate group of the MC isomer to confer it structural stabilization,  to 

slow down the kinetic rates for the MC → SP return reaction, and to improve 

photoisomerization yields. It was possible to revert the previous reaction, getting access 

thus to a range of molecular switches with photochromic features. Figure X 

 

Figure 3.32. Photohalochromism of BIPS, Br-BIPS and BIPS-COOMe in DMSO. The switch from SP 
to MC can be reached by irradiating at λexc = 312 nm. The back isomerization reaction from MC to SP 
takes place spontaneously over time in the dark. When the pH of MC solutions is acidified, color turns 
yellow in all three cases. The color can be recovered by increasing the pH. 

The responsiveness of these derivatives to pH changes was assessed in mild-

acidic conditions. As expected, SP isomer was not protonated because of its low pKa. 

However, after exposure to UV light, the (Z)-MCH+ conformation was formed, obtaining 

a yellow color solution with a λabs= 409-428 nm in all three cases. Figure 3.32. 
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Photochemical and electrochemical data extracted from cyclic voltammograms and 

UV-Vis spectra are included in Table 3.3. 

Table 3.3. Photochemical and electrochemical parameters assessed for Br-BIPS, BIPS, BIPS-
COOMe. 

 

 

Apart from the repercussion in terms of sustainability that the electrochemical 

carboxylation of organic compounds entails, chemical modification of these compounds 

provides greater reactivity to the molecule (e.g., coupling reactions with amines). In 

addition, the possibility of obtaining the corresponding anion (carboxylate) opens the 

door to its use as a counteranion in the preparation of the next generation of IL, which 

could present smart functionalities such as photo-halo-thermo and electrochromic 

responses. The following section presents a more advanced phase of the results related 

to the DTE compound, which used as counterion in the production of the next generation 

IL with smart functionalities. 

3.3.3. DTE Ionic Liquids (DTE-IL). From solution to flexible IG  

The following results are not part of the list of publications included in this doctoral 

thesis since being part of just submitted in a scientific journal. However, due to their 

relevance and relation with the previous results, they have been included as part of the 

present thesis for completeness.  
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DTE derivatives are well-known light-switchable MS that undergo reversible color 

changes thanks to the shift between their opened and closed isomers. Their most 

outstanding properties include an excellent photochromic fatigue-resistance, and their 

responsiveness to electric stimuli.  

Given the smart functionalities of this compound, DTEs have recently gained 

interest from a technological point of view. However, their use in the liquid state is limited 

and their implementation at larger scales is mostly focused on their incorporation in 

scaffolds for the synthesis of IL. 

In our research group, a simple synthetic route to produce DTE dicarboxylate has 

been already developed, which provides high yields and not involves cationic DTE 

derivatives (e.g., functionalization with pyridinium groups) that use to increase the 

complexity of the synthetic route 243–245.  

ILs are liquid salts that can act as a solvent at room temperature, being hence 

considered a clean, efficient, and eco-friendly alternative to conventional organic 

solvents. Bearing in mind both concepts, in this study we propose the preparation of 

different IL based on DTE (DTE-ILs), which exhibiting smart functionalities such as photo 

and electro-responsiveness. 

This study was conducted in collaboration with the LAQV-REQUIMTE group at 

University NOVA of Lisboa, which focused on synthesis of the respective DTE-ILs. 

Specifically, imidazolium and pyridinium type cations substituted with long alkyl chain 

cations were used in the preparation of the corresponding DTE based ILs (1:2 

stoichiometry). The structure of the synthetized DTE-ILs is depicted in Figure 3.33. My 

contribution here was the spectroelectrochemical and electrochemical characterization 

of DTE-ILs, as well as the preparation of solid-state DTE-ILs-based materials with smart 

functionalities as proof-of-concept. 
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Figure 3.33. Chemical structures of DTE-ILs prepared in this study 

The electrochemical behavior of the open state 1-DTE and 2-DTE was analyzed by 

CV. A two-electron and irreversible peak at Epa = 1.32 and 1.34 V vs Ag/AgCl was 

observed in the anodic scan of 1-DTE and 2-DTE, respectively, which was ascribed to 

the oxidation of the DTE counteranion. After irradiation at λexc = 312 nm, the initially 

uncolored solution became deep purple, with a clear absorption band at λabs = 510 nm 

associated to the closed form of DTE. The electrochemical analysis of the closed form 

of both DTEs presented some differences. Both 1-DTE and 2-DTE presented a new one-

electron oxidation peak at Epa ~ 0.40 V vs Ag/AgCl. However, while in the 1-DTE case it 

was irreversible, probably due to the existence of a coupled chemical reaction, for 2-

DTEC it was slightly reversible. The latter indicated that the radical cation was more 

stable, probably due to a better solvation effect when using pyridinium. Additionally, the 

2-DTE compound presented a second oxidation peak that may be associated to a further 

oxidation of the stabilized radical cation to the corresponding dication. Figure 3.34. CV 

of 1-DTE (a) and 2-DTE (b) performed in ACN 0.1 M TBAPF6. The voltammograms were 

recorded before and after the irradiation of the solutions at λexc = 312 nm 
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Figure 3.34. CV of 1-DTE (a) and 2-DTE (b) performed in ACN 0.1 M TBAPF6. The voltammograms 
were recorded before and after the irradiation of the solutions at λexc = 312 nm 

The oxidation mechanism of 1-DTEC and 2-DTEC was studied 

spectroelectrochemically in ACN solutions, aiming to establish the nature of the chemical 

reaction linked to the ET, as well as their electrochromic behavior. Figure 3.35. 

 

Figure 3.35. 3D spectroelectrochemical measurements performed for 0.5 mM solutions of 1-DTE (a) 
and 2-DTE (b) in ACN 0.1 M TBAPF6. First, a constant potential of Eapp,ox = +1.20 V vs Ag/AgCl was 
applied for 140 s that led to a major decrement of the absorption band at 510 nm, which indicates 
electroinduced isomerization of the DTEO isomer. 

After irradiation at λexc = 312 nm and reaching the PSS, the ring-closing of DTEO-IL 

to DTEC-IL produced an increase in absorbance at λabs = 510 nm. When applying a 

potential Eapp = +1.20 V vs Ag/AgCl for 140 s to selectively oxidize the DTEC
2‾ anion, a 

clear decrease in the absorption band at λabs = 510 nm was observed, indicating the ring-

opening of DTEC
2‾ to DTEO

2‾ isomer.   

According to previous reports, the electrochemical ring-opening by oxidation of the 

1-DTE involved, i) the formation of the radical cation, [DTEC-IL]+• by application of an 
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oxidation potential of Eapp = +1.00 V vs Ag/AgCl; ii) the opening of the previous radical 

cation to its opened form [DTEO-IL]+•; and iii) a homogeneous electron transfer from the 

[DTEO-IL]+• to DTEO-IL, which occurred spontaneous thanks to the more oxidizing nature 

of the opened radical cation. Scheme 3.3. This reaction resulted in the complete and 

permanent discoloration of the sample, in a clear electrochromism with ‘memory’ 

process. 

 

Scheme 3.3. Proposed electrochemical ring-opening mechanism for 1-DTEC-IL in the closed form 
when an oxidation potential is applied (1st electron transfer). 

However, 2-DTE followed a different electrochromic mechanism, which already 

noticed when analyzing the 3D UV-Vis spectra since: i) a plateau was reached between 

20 and 80 s; and ii) the absorption peak located at 512 nm and corresponding to 2-DTEC, 

drastically decreased when applying an oxidation potential of 1.00 V. These observations 

suggested that the process generated both the radical cation and the dication that may 

lead to ring-opening. The particularity in this case was on the reactivity of the radical 

cation. Thus, the generated radical cation may react with the starting material following 

a similar homogeneous redox reaction to that proposed for 2-DTEC. In turn, in this redox 

reaction, open and closed radical cations were formed, the latter absorbing at 512 nm 

and keeping the absorption peak constant over the time of reaction. Scheme 3.4. 

 

Scheme 3.4. Electrochromic mechanism proposed for the 2-DTE when applying an oxidation potential 
(1.00 V (vs Ag/AgCl)), after the second ET 

These results were supported by the chemical and electrochemical analysis (CV, 

UV-Vis absorbance spectroscopy and thin-layer-chromatography) of the products 
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obtained after electrolysis of DTEC-IL at a controlled potential, which confirmed that the 

only product obtained was the transparent form DTEO-IL. 

Given that the synthesized compounds were IL, this study evaluate their 

implementation in solid-state IG (DTE-IG) with photoelectrochromic properties. 

As described in previous studies in solution, most of DTE implemeted in the IG was 

initially in its open form, DTEO-IG, which presented an oxidation peak at high potentials 

(1.12 – 1.44 V (vs. Ag/AgCl)). After irradiation at λexc = 312 nm, a color change was 

observed as a consequence of the closure of the structure (DTEC-IG). This structural 

change was accompanied by the appearance of a new peak at lower potentials (0.57 – 

0.93 V (vs Ag/AgCl)) and a decrease in the initial one.  

Next, the photochromic properties of both forms (open and closed) of the DTE2‾ 

anion in the IGs were verified by UV-Vis absorption spectroscopy. The initially 

transparent membranes, with a single peak in the UV zone, became red-pink colored 

after irradiation at λexc = 312 nm, presenting an intense absorbance band between λmax 

= 506-527 nm by the formation of DTEC-IG. The system was stable and did not return to 

its initial colorless DTEO-IG form spontaneously, but required irradiation with visible light. 

Finally, a spectroelectrochemical study was performed to check the 

photoelectrochromic properties of the prepared DTE-IG membranes. In the study, an 

oxidation potential of Eapp = 1.20 V (vs Ag/AgCl) was applied to DTEC-IG (colored) 

samples. The potential produced the ring-opening of the DTE-IG, resulting in an 

observable decoloration of the membrane in the region in contact with the electrode and 

a consequent decrease in the corresponding absorption peak. Figure 3.36. 
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Figure 3.36. Absorbance spectra of (a) 1-DAE and (b) 2-DAE in ionogel membranes before (dark 280 
line) and after irradiation (blue line) at 312 nm for 1 minute. The images in the inserts show the color 
change achieved this way for the IGs. 

Table 3.4. collects all the electrochemical and spectroscopic data obtained for the DTE-IG membranes 
in their open and closed forms. 

 

 

 

 

 

 

Like with other electrochromic compounds, DTE-IG membranes were used to 

manufacture photoelectrochromic smart displays as proof of concept. Compared to other 

compounds, DTE had the advantage of not presenting thermal return. This property 

made DTE an ideal candidate in the construction of non-volatile memories since, once 

the stimulus that generated the change was removed, it remained constant over time.  

Based on that, DTE-IG were used as logic gates in molecular memories, where 

each color change represents a 1 (colored shape) and a 0 (transparent) of the binary 

system. As a proof of concept, a flexible smart device was built susceptible to both 

electrical and light stimulation. Figure 3.37. a). Figure 3.37. b) collect all the responses, 

expressed as 0 and 1, obtained from the different stimuli (truth table). Finally, the logic 

DTE-IG sample Epa (V) vs Ag/AgCl λmax (nm) 

1-DTEO 1.12 349 

1-DTEC 0.77 527 

2-DTEO 1.44 340 

2-DTEC 0.95 / 0.57 506 
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circuit corresponding to the triggered responses to different stimuli is depicted in Figure 

3.37.  c).  

 

Figure 3.37. a) Photoelectrochromic display using DTE-IG as a smart material. The device is 
connected to a potentiostat and its surface is open to exposure of the material to UV or Vis light. b) 
Truth table with the responses obtained. 1 represents the presence of color or the application of a 
stimuli. 0 corresponds to the absence of color or stimuli. c) Logic gate constructed from the results 
obtained. 

In addition to the study presented within the compendium requested for this doctoral 

thesis, the following publication was also contributed to it, which has a close relationship 

with the results presented in this subsection but which are not included within it: 

Electrochem. Sci. Adv. 2022; e2100022.  

In this case a multi-responsive photoelectrochromic salt was synthesized and 

spectroelectrochemically characterized. The salt was based on a DTE dicarboxylate, like 

the one studied in this thesis, which is colored to pink upon its exposure to UV light while 

bleached when applying an oxidation potential. The difference in this study relies on the 

fact that the countercation is a dimethyl bipyridinium cation which can be reduced with 

https://chemistry-europe.onlinelibrary.wiley.com/doi/epdf/10.1002/elsa.202100022
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an electrochemical potential and generate a deep purple coloration. These advances, 

together with those reported for this doctoral thesis, pave the way for the formulation of 

multi-responsive solid materials based on IG. 

3.4. Fabrication of a Photo-patternable enzymatic optical biosensor 
based on DTE and SF 

In previous studies performed in our group, initial results were obtained regarding 

the use of DTE as redox mediator in glucose sensors in solution246.  It was observed that 

the close isomer of DTE selectively reacted with the peroxidase enzyme in presence of 

the substrate H2O2. This is based on the fact that only when DTE was in its closed 

(colored) DTEC form after exposure to UV light at 312 nm, the Epa potential was low 

enough to selectively react with the peroxidase enzyme. After the redox reaction of DTEC 

with the peroxidase, the DTEC compound was oxidized leading to a bleached 

intermediate DTE•. Figure 3.38. 

Since the peroxidase reaction could be coupled to other oxidoreductases such as 

glucose oxidase (selective to glucose), lactate oxidase (selective to lactate) or ethanol 

oxidase (selective to ethanol) in a cascade reaction format, DTE could act as redox 

mediator in a wide variety of reactions and analytes.  

Moreover, DTE could successfully play the role of an ‘ON-OFF’ mediator in 

bioenzymatic reactions since their electrochemical properties were easily modulated by 

the application of light.  

When coupling glucose oxidase and peroxidase activities, the presence of glucose 

in the medium produced the bleaching of the DTE mediator. It was observed in this case 

that the bleaching kinetics depended on the glucose concentration, being faster for 

higher glucose concentrations. There was a clear relationship between the DTE color 

and glucose concentration, enabling glucose quantification.  The linear detection range 

for glucose was from 0 to 0.6 mM, which suitable for the detection of glucose in biological 

fluids such as serum, sweat or tears 38. Thanks to the photo-electrochromic properties of 

DTE, the system could be regenerated 7 times for repetitive glucose measurements, 

maintaining the same sensibility and detection capacity. The modification of the 

biological system, e.g. by substituting glucose oxidase by other oxidoreductases, opened 

the door to the development of other biosensors based on the same detection principle. 
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However, appealing biosensing platforms require the immobilization of species. In 

this sense, there exists various strategies such as adsorption, covalent bond, affinity, 

crosslinking and entrapment of biomolecules, each one presenting advantages and 

disadvantages. The choice of one of them will rely, therefore, on the sort of system that 

is intended to be designed.  

Entrapment of biomolecules is many times considered a first choice since enabled 

highly efficient and simple entrapment of molecules in matrices, although the stability of 

the biomolecule in the matrix will depend on the capacity to provide it a proper 

environment. 

Until now, in this Doctoral Thesis we presented the use of IG, as organic 

membranes, which displayed two main roles: i) as pure electrolytes, using them as an 

independent layer from the rest of the components in electrochromic devices; ii) as a 

compatible matrix entrapping different MSs (NO2BIPS and DTE). In the latter case, smart 

properties of MS were transferred to IG membranes, while they maintained their 

properties as electrolytes. 
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Figure 3.38. a) CV study of a solution of DTE in PBS in its initial open structure (DTEO), after irradiation 
at 312 nm, closed structure (DTEC) and after the catalytic reaction (DTE•). b) Bioenzymatic cascade 
reaction mediated by DTE. 

However, the entrapment of biomacromolecules such as enzymes or antibodies 

presents the added requirement that these compounds should remain active after 

immobilization. That is, the entrapment process and the nature of the entrapment matrix 

should guarantee the structural stability and functionality of the molecules. Conventional 

IGs based on synthetic compounds do not provide a suitable environment in terms of 

biocompatibility, water content, etc., for the entrapment of biomolecules, resulting in a 
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fast and progressive deactivation of these bioreceptors and thus on the biosensing 

capacity of the system. 

In this context, silk fibroin (SF) is a biopolymer that has been shown to maintain 

enzymatic activity for several months once the SF film is doped, even when stored at 

room temperature 39–41. 

In addition to various enzymatic stability investigations carried out by various 

studies in our research group, excellent properties of this material have also been 

observed, such as: 

• Great compatibility with biomolecules and solvation of different chemical 

compounds soluble or even insoluble in aqueous media such as 

dicarboxylate DTE derivatives. 

• Large chemical and thermal stability. 

• Good mechanical strength and flexibility.  

• High transparency that makes them ideal candidates in optical sensor 

applications. 

• High refractive index close to 1.6 that allows its use as light guiding or optical 

fibers.  

• Ideal pore size that allows the filtration of components present in real samples 

of diagnostic interest such as the blood cell fraction, which contains red blood 

cells may interfere optical recordings. 

• Unchanged enzyme activity after 10 months 42. 

Thus, given the excellent properties of SF, part of this doctoral thesis focuses on 

the formulation of SF films doped with electrochromic compounds, such as DTE 

dicarboxylate, which act as colorimetric mediators in enzymatic reactions 43. 

In this preliminary work, we successfully carried out a first enzymatic biosensing 

using a photoelectrochromic MS as a colorimetric mediator. The presented concept is 

particularly interesting because the amount of accessible mediator (DTEc) for the 

reaction may be controlled by UV irradiation. This finding is intriguing since it allows for 

the regulated consumption of a mediator throughout the reaction, enables subsequent 

analyte detections using the same enzymes, and restarts the system only with a UV 

pulse. Thus, DTE would be an ideal substitute to traditional end-point enzymatic 

mediators.  
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Bearing this concept in mind, next step was to immobilize the biosensing mixture 

to SF films  aiming to develop a patternable SF film able to quantify glucose levels in 

biological fluids by simple visual inspection.  

In the production of the SF films, the compositions employed in previous studies of 

the group for glucose biosensors development with SF films were considered were as 

starting point but enzyme and mediator concentrations were adjusted to adapt  the 

sensor response to the detection range of interest, i.e., between 0 and 6 mM 43.  As a 

result, 25 µg·mL -1 GOx  and 60 µg·mL -1 HRP  in the 20% w/v SF was produced by direct 

dissolution of the enzymatic pellet on the SF aqueous solution. Due to its low solubility 

in water,  a 1.2 mM saturated solution of DTE in 1:1 mixture of EtOH:H2O (v/v) was 

prepared and mixed at a 1:1 v/v ratio with the previous SF solution containing the 

enzymes. The  final precursor solution containing 0.3 mM DTE in 10% SF was drop-

casted on a polystere Petri dish. SF films were produced in a two-step process involving: 

(i) solvent evaporation at 60 °C on a hot plate for 30 min; (ii) SF crystallization through 

water vacuum annealing in a saturated atmosphere of H2O. The latter induced the 

formation of crystalline domains (β -sheet structures), which responsible for the 

stabilization of the enzymes and the hydrophobicity of the films. After 24 h, 20 µm-thick 

crystalline films were obtained and used for the production of biosensors. The formation 

of β -sheet structures was confirmed by ATR-IR spectroscopy. Figure 3.39. 

 

Figure 3.39, a) ATR-IR Transmittance spectroscopy of SF films after drying (step 1) and after the water 
annealing in vacuum (step 2). b) The table summarizes the most important peaks that allow to identify 
the crystallization of SF films. c) Schematic representation of the water annealing process. 

For the production of the silk-based biosensors, photo-mask with 6 straight lines 

were produced by laser ablation and used to pattern SF films by photolithography. 

Concretely, the photo-mask was deposited on top of the SF film and irradiated. Only 
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those regions exposed were subjected to the photo-isomerization of the immobilized 

DTE molecules, resulting in pattern transference. Since photo-isomerization of DTE 

molecules is a dose-dependent process (i.e., the higher the dose, the larger the number 

of DTE molecules photo-isomerized), straight light with increasing color intensities were 

produced by exposing them during longer irradiation times (from 0 to 50 s), which 

corresponded to larger doses. As shown in Figure 3.40, it was a good linearity between 

the irradiation time and the color intensity, which confirmed that the exposition time was 

directly proportional to the amount of DTEC generated. At higher times, however, this 

linearity is not maintained, which may be indicative of the photochemical degradation of 

the DTE. Note that irradiation times above 50 s did not increase color intensity and thus, 

this value was established as the maximum irradiation time. For quantitative analysis, 

color intensities were determined by image analysis with the ImageJ software after color 

intensity normalization. Figure 3.40. 

 

 

Figure 3.40. Color intensities measured for each line of doped SF films that were irradiated at 312 nm 
for different times (from 0 to 50 s) 

In terms of operation, the silk-based biosensors were incubated with glucose 

samples. The presence of glucose started the cascade reaction that resulted in the 

oxidation and bleaching of DTE molecules. DTE discoloration was progressive over time 

and thus, regions with a weaker color intensity disappear first. The system was optimized 

in a way that glucose concentration could be determined by counting the number of 

bleached strips in the biosensor (numbered as L1 to L6) after 30 minutes of incubation. 

Four glucose concentration in PBS were studied, corresponding to the control (0 mM), 
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hypoglycemic (2 mM), normoglycemic (4mM) and hyperglycemic (6 mM) glucose levels.  

Figure 3.41 shows the color variation after 30 min. This was found to be optimal detection 

time. 

 

Figure 3.41. a) Change in color intensity monitored for each strip (L1-L6) at different concentration. b) 
Silk films after 30 min in contact with the corresponding glucose concentration (0- 6 mM). 

Figure 3.41. shows that color bleaching only occurs when glucose is present, 

confirming the stability of the DTE mediator in the SF film. With glucose, the bleached 

kinetics depended on the glucose concentration in the sample, being faster by higher 

glucose concentrations. As a result, the number of bleached strips after an incubation 

time depended on the glucose concentration. After 30 minutes of incubation, only one 

strip (L2) was bleached in hypoglycemic levels, two (L2 and L3) for normoglycemic levels 

and five (from L2 to L6) for hyperglycemic levels, which allowed a precise glucose levels 

determination by simple visual inspection.  

In addition, thanks to the small pore size observed in SF films, they behaved as 

size-exclusion filters being able to retain the cellular blood fraction in a region of the 

sensor, while pushing uncolored plasma through the SF film, thus minimizing blood 

inference in the optical analysis.  
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3.5. Final discussions  

The present PhD thesis has as main objective the development of smart functional 

devices based on electrochemical compounds for the production of colorimetric displays 

and biosensors. Traditionally, the development of such devices has been mainly 

performed focusing on one of their two main components, namely the solid-gel 

electrolyte and the electrochromic molecules. The following aspects have been 

considered in the production of the next generation of electrochromic displays and 

(bio)sensors: 

- High flexibility/elasticity of the device. 

- Eco-friendliness of the materials and fabrication processes. 

- Simplicity and low-cost of the manufacturing process for cost-effectiveness. 

- Optimal electrochromic performance in solid-state. 

- Multi-functionality and response capacity to several stimuli. 

In the formulation of solid flexible materials with advanced functionalities for displays 

and/or biosensors, the use of IG has been a first choice due to their excellent optical 

properties, flexibility, and ionic conductivity. In recent years, important advances have 

been performed to improve the functionalities of these materials, including: (i) use of ILs  

as electrolyte to reduce the use of volatile and/or toxic organic solvent and thus their 

environmental fingerprint;  (ii) improve electrochemical performance, e.g., enlarging the 

electrochemical window, by tuning the cation/anion composition of IL; (iii) an increase of 

ionic conductivity by doping the IG  with additional salts, e.g. with lithium or potassium 

triflate salts; (iv) among other. To illustrate some relevant advances in terms of IG 

sustainability it was found that its eco-friendliness is improved by using biopolymers 44,45.   

Some other studies revealed the importance of anion-cation interaction and their 

respective volume to provide high ionic condutivities, discovering that imidazolium based 

ionic ILs with bistrifliimide anion showed better conductivity values 46,47 . The present 

thesis has also contributed to improve the functionality of these materials in three main 

aspects, not previously reported.  

First, the content and composition of IL in the IG matrix was optimized reaching a 

compromise between electrochemical performance (e.g., high ionic conductivities, large 

electrochemical windows) and rheological properties (e.g., liquid leakage, transparency, 

consistency and flexibility). 
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Second, silk-fibroin has been used for the very first time as polymeric matrix in the 

development of biosensors. Apart from an excellent rheological properties, i.e., high 

transparency in the visible range, elasticity, etc., biocompatibility and high 

thermal/mechanical/chemical stability, silk-fibroin membranes provided a more eco-

friendly way to produce biosensors, in an all-water based methodology. The biosensors 

took also benefit from the small porosity of the membrane, that conferred it with capillary 

pumping capacity, and thus, enabled the measurement of real samples without external 

instrumentation, e.g. pumps or detection systems.  

Third, novel electrochromic ink (material) formulation for mass-production and cost-

effective devices by screen-printing was developed. Ink formulated with ATO@TiO2 

particles, a binder resin and the electrochome (PB and ECP-Magenta) provided the 

materials with (i) high electric conductivity that results in fast color switching (ii) adequate 

consistency that allows the fabrication of displays by screen-printing technology. The 

process showed simplicity and rapidity and enabled the fabrication of robust 

electrochromic systems.  

Regarding the electrochromic molecules, over the last few years, noticeable 

advances have been obtained to fulfill the existent gap between the development of 

novel electrochromes with improved functionalities (photochromism, halochromism 

thermochromism…etc) and its implementation in the production of smart systems. 

Literature presents some examples illustrating the fancy qualities of molecules like 

spiropyrans or diaryletehenes derivatives among other molecular switches with such 

functionalities 48–50. However, only few reports describes the implementation of this class 

of molecules in factual applications  

In this sense, the present thesis assessed and differentiated the electrochromic 

behavior of the following chemical compounds: ECP-Magenta, PB, spiropyran and 

diarylethene derivatives. The found features were categorized as ‘Real’ electrochromism 

or electrochromism with ‘memory’ whether the color change is provoked as consequence 

of a change in the oxidation state or a structural rearrangement, respectively. Generally, 

this served to implement the compounds to one type of electrochromic application or 

another, since molecules with electrochromism with ‘memory’ usually exhibit responses 

to various types of stimuli (e.g., light, temperature, pH…etc.) that confers 

multifunctionality to the final material. 

In this line, the advances obtained in both fields (development of IG/SF films and 

electrochromes) allowed the development of (i) low power electrochromic displays that 
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also allowed its implementation in self-powered electrochromic sensors. One of the main 

problems found in recent publications is the power consumption of self-powered 

electrochromic devices that many times results in the incorporation of batteries 51 and 

fuel cells 52 in the system which makes the fabrication process more complex and costly. 

In this thesis it is presented a potential combination of materials (electrochromes, 

electrolyte) and a design that allows the quantification of analytes such as glucose and 

lactose, (ii) multi-responsive applications upon light, pH, temperature and electric 

potential, that pave the way towards or renewable sensing applications that would 

contribute to more sustainable systems. 

All the advances shown in this doctoral thesis demonstrate the great versatility 

offered by the electrochromic compounds studied and its formulations, which has 

allowed the design of a wide variety of applications as proof of concept with different 

objectives, from electrochromic displays to sensory applications. Figure 3.42. summarizes 

the work presented in this thesis. 
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Figure 3.42. Summary of main work presented in the thesis and the sections where they are 
available. 
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4. Conclusions 

The main conclusions drawn from the results obtained in this doctoral thesis are 

detailed below. 

 It has been shown that electrochromic properties can be classified into two 

differentitated groups: real electrochromism and memory electrochromism 

depending on whether the color change is due to a change in the oxidation state 

or due to a structural change in the molecule, respectively. As has been 

determined, the classic electrochromes (e.g. PB, ECP-Magenta) belong to the 

first group, while the MS (e.g. DTE and NO2BIPS) belong to the second. It has 

been possible to determine that while the reversibility and fatigue resistance of 

electrochromic processes is better in compounds with real electrochromism, 

multifunctionality is only possible for compounds with memory electrochromism, 

that is, for MS. Meanwhile, they all presented high color contrasts and moderate 

coloration times (2-12 s) that would permit their use in different electrochromic 

applications. 

 The formulation of electrochromic inks with conductive particles of ATO@TiO2 

and modified with electrochromic compounds such as ECP-Magenta and PB, has 

proven to be a valid strategy for the manufacture by screen-printing of 

electrochromic devices on a large scale and at a low cost. It has also been 

observed that the formulated electrochromic inks present good compatibility with 

IG-type electrolytes, which can also be screen-printed. 

 ECP-Magenta ink has been found to have excellent electrochromic properties, 

good color contrast, ~2 s response time and good fatigue resistance. Also notable 

is its operation at low potential, which would improve the energy efficiency of 

future electrochromic displays. 

 The formulation of PB inks has enabled the construction of a self-powered 

electrochromic glucose biosensor entirely by screen printing. The proposed 

coplanar configuration between a glucose biosensor (anode) and the 

electrochromic display of PB (cathode) has produced a self-powered biosensor. 

With future modifications to its prototyping, an easy quantitative readout could be 
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obtained by the naked eye of the analyte concentration in the PB display 

according to the distance of the color change reached in the electrochromic strip. 

 It has been demonstrated that IG materials have outstanding qualities (elasticity, 

flexibility, transparency, and high ionic conductivity) and that they are relatively 

simple to modify to endow the material with new features. It has been observed 

that the IL that makes up the substance gives it the ability to function as both an 

electrolyte and a solvent for organic compounds like DTE and NO2BIPS. This 

creates the ideal environment for its properties to be maintained and to behave 

similarly to what is expected in solution. 

 The spiropyran derivatives, NO2BIPS, have been shown to be MS with 

electrochromic properties that can be exploited for different electrochromic 

devices. It has also proven to be a highly versatile compound given its wide 

variety of responses to different stimuli. It has been observed that IG doped with 

NO2BIPS can be formulated, maintaining the same rheological properties as 

bare IG and the same photo-halo-thermo-electrochromic properties of NO2BIPS. 

Thanks to this strategy, large-scale manufacture of electrochromic applications 

based on NO2BIPS@IG would be simplified. 

 Similarly, DTE compounds have been incorporated into IG, in this case in the 

form of IL countercation. Furthermore, these materials have been shown to 

present a photo-electrochromic response. This strategy economizes the use of 

reagents, which would imply a lower manufacturing cost. It has been determined 

that this new formulation still exhibits photo-electrochromic properties. 

 SF has been demonstrated to be a suitable biomaterial in which biocatalytic 

reactions can occur. The immobilization of DTE in SF, together with the other 

enzymes, has allowed the development of a light-induced and light-regenerable 

glucose optical biosensor that can easily be patterned on SF films. 
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Annex I: Fundamentals of Electrochemistry 

Cyclic voltammetry (CV) is a powerful and widely employed electrochemical 

technique frequently used to study the reduction and oxidation processes of molecular 

species. CV can be used as a characterization technique for the identification of chemical 

species, as an analytical tool and for disclosing electrochemical mechanisms and the 

type of chemical reactions (C) coupled to the electron transfer (ET).  

In CV, the signal that the system sends is a triangular sweep of potential at a 

selected scan rate. This means that the initial sweep direction is reversed to the opposite 

scan direction once the selected start potential is established. 

The output or signal obtained is a I-E curve, called cyclic voltammogram or 

voltammogram that shows the current intensity registered (y-axis) by the system at each 

applied potential imposed by the system (x-axis). Figure I. 

 

Figure I. a) Triangular signal sent in CV. Initially a potential (A) is applied to the system, which gradually 
changes over time until reaching a second potential (B) set by the user. The variation of the potential 
over time is the sweep speed and is determined by the observed slope (dE/dt). Once B is reached, the 
sweep reverses in the opposite direction until the final potential (C) is reached. b) Classic 
voltammogram obtained (output) for an ideal and reversible electrochemical system (in the example 
shown, for the ferrocenium/ferrocene system (Fc+/Fc)). The direction of the sweep potential scan is 
indicated with an arrow on the voltammogram. Epc and Epa corresponds to the cathodic and anodic 
potential peak, respectively. Similarly, Ipc and Ipa are the faradaic current intensity related to the 
reduction and oxidation, respectively.  Images were adapted from reference 1 

 

CV is a transient electrochemical method since the transport of matter to the 

electrode takes place only by diffusion. In this case, other mass transport phenomena 

such as convection and migration do not take place, so the current intensity measured 

by CV is a function of time. 
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It is also a non-destructive method since controlled potential microelectrolysis 

happens only on the surface of the electrode. 

For this reason, assuming the following electrochemical reduction (eq. 1) on the 

electrode surface, the registered current intensity and the velocity of the ET is governed 

by the following process, where Ox is the oxidant specie, Red the reducing specie and 

n represents the number of electrons implied in the ET: 

 

I. I. Transport of reagents to the electrode surface by diffusion  

II. ET on the electrode surface.  

III. Chemical reactions before or after the electron transfer that can take plane on 

the electrode surface (heterogeneous) or in the bulk solution (homogeneous).  

IV. Other reactions that may happen on the electrode surface such as adsorption or 

desorption processes. 

 

 

 

 

Thus, by means of the I-E responses (voltammogram) it is possible to obtain 

information about the kinetics of the electrochemical reactions that take place on the 

electrode surface. 
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Under conditions where no mass transport takes places, the CV is governed by the 

Butler-Volmer equation (1):   

𝐼 = ±𝐹𝐴𝑘𝑠
𝑎𝑝

𝑒𝑥𝑝 [±
𝛼𝐹

𝑅𝑇
(𝐸 − 𝐸0)] · {(𝐶𝑂𝑥)0 − (𝐶𝑅𝑒𝑑)0 · exp [±

𝐹

𝑅𝑇
(𝐸 − 𝐸0)]}      (eq. 2) 

𝑘𝑠
𝑎𝑝

= 𝑘𝑠 exp (
−𝛼𝐹𝜙

𝑅𝑇
)                                                   (eq. 3) 

𝑘𝑠 = 𝑘𝑓(𝐸 = 𝐸0) = 𝑘𝑏(𝐸 = 𝐸0)                                          (eq. 4) 

Cox and Cred are the concentrations of the Ox and Red species on the electrode 

surface. A is the electrode surface area, F is the Faraday constan (96500 C·mol-1), R is 

the gas constant (8.31 J·K-1·mol-1). The applied potential is refereed as E while, E0 is the 

standard potential. α is the electronic transfer coefficient (0 < α < 1), ks
ap is the apparent 

ET rate constant, and Φ is the external plane of Helmontz.  

However, during the ET the amount of oxidizing (Ox) and reducing (Red) species 

varies on the electrode surface because the concentration gradient of the species 

changes and produces diffusional processes. For this reason, Butler-Volmer is no longer 

valid. 

The mass transport (J) follows the Nernst-Planck equation (eq. 5). Note that for transient 

methods only the diffusional contribution is considered in the equation. 

𝐽𝑖(𝑥) =  −𝐷𝑖

𝑑𝐶𝑖(𝑥)

𝑑𝑥
+

−𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖𝐶𝑖

𝑑ø

𝑑𝑥
+ 𝐶𝑖𝑣(𝑥)                       (eq. 5) 

      

Ci is the concentration of the electroactive specie (i) in the solution, Di is the diffusion 

coefficient of i, and x is the distance to the electrode surface. 

Since the I-E curves related to an ET is also time-dependent the final kinetic equation 

that considers the either the diffusion of species and the ET, are the following: 

(
𝛿𝑐𝑂𝑥

𝛿𝑡
) = 𝐷𝑂𝑥 (

𝛿2𝑐𝑂𝑥

𝛿𝑥2
)                                              (eq. 6) 

(
𝛿𝑐𝑅𝑒𝑑

𝛿𝑡
) = 𝐷𝑅𝑒𝑑 (

𝛿2𝑐𝑅𝑒𝑑

𝛿𝑥2
)                                            (eq. 7) 

In order to solve the differential equation the following boundary conditions require to be 

applied: 
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I. Diffusional transport only occurs in one direction because the surface electrode 

is flat.  

II. Diffusional coefficients of Ox and Red species are assumed equal (DOx = DRed) 

III. At time t = 0  x ≥ 0  

When: t ≥ 0 y x = ∞  cOx = cOx y cRed = 0 (at the bulk solution) 

IV. When x = 0 and t > 0 (that is to say, the electrode surface), the Nernst/Volmer 

equation is fulfilled and there is no accumulation of chemical substances, then: 

(
𝛿𝑐𝑂𝑥

𝛿𝑥
) + (

𝛿𝑐𝑅𝑒𝑑

𝛿𝑥
) = 0                                               (eq. 8) 

𝑐𝑂𝑥 = 𝑐𝑅𝑒𝑑 · 𝑒
(

(𝐸−𝐸0)𝐹
𝑅𝑇

)
                                                 (eq. 9) 

Where E is the applied potential, E = Ei + vt and the current defined as follows: 

𝐼 = 𝐹𝐴𝐷 ·  (
𝛿𝑐𝑂𝑥

𝛿𝑥
)                                                 (eq. 10) 

a) Fast Electron Transfer (ET) 

For a reversible ET, the value of the intensity as in figure X b), the intensity of the 

cathodic and anodic peaks are the same (Ip,a = Ip,c) and the value of Ep,c and Ep,a are 

constant throughout the range of scanning speeds. This type of behavior indicates that 

there is no chemical reaction (C) associated with ET.  

 

Solving the system of differential equations associated with the concentration 

variation of the Ox and Red species in this type of electrochemical mechanism, the I-E 

curve could be defined with the following parameters calculated theoretically by the 

following equations: 

𝐼𝑝 = 0.446 · 𝐹 · 𝐴 · 𝑐 · 𝐷1/2 · (
𝐹𝑣

𝑅𝑇
)

1
2

                                (eq. 11) 

𝐸𝑝 = 𝐸0 − 1.11 · (
𝑅𝑇

𝐹
)                                           (eq. 12) 

∆𝐸𝑝 =  𝐸𝑝 − 𝐸𝑝1
2

= 2.20 · (
𝑅𝑇

𝐹
)                                (eq. 13) 
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Thus, the value of the intensity of the peak is a function of the concentration (c) 

and the square root of scan rate (v). The current intensity obtained for each sweep speed 

can be normalized as follows from equation X: 

𝐼𝑝

𝑐 · 𝑣1/2
                                                        (eq.14) 

This relationship will allow knowing the number of electrons involved in an ET of a 

problem substance. To do this, different concentrations of an electrochemical substance 

with ideal reversible behavior (electrochemical calibration pattern) will be prepared, of 

which the number of electrons involved in the ET is known from references reported in 

the literature, and the value will be determined by means of the eq X. 

Dividing the value obtained for the standard substance by the value found for the 

problem sample, it will be known how many electrons are involved in the ET. 

Overall, for a fast ET where there is no associated C reaction  

 Ip
c·v1/2

⁄   Ep and ΔEp should show no dependence on sweep speed. 

 

b) Slow Electron Transfer (ET) 

When the electronic transfer takes place slowly, the voltammogram is observed with 

a large peak separation between Epa and Epc. From a mathematical point of view, two 

new kinetic parameters α (electronic transfer coefficient) and ks
ap (apparent electronic 

transfer rate constant) are involved in the previous equations that define the 

electrochemical parameters. 

𝐼𝑝 = 0.496 · 𝐹 · 𝐴 · 𝑐0 · 𝐷1/2 · 𝛼1/2 · 𝑣1/2 (
𝐹 · 𝑣

𝑅𝑇
)

1/2

          (eq. 15) 

𝐸𝑝 = 𝐸0 − 0.78 · (
𝑅𝑇

𝛼𝐹
) − (

𝑅𝑇

2𝐹
) · 𝑙𝑛 (

𝛼𝐷𝐹

𝑅𝑇
) + (

𝑅𝑇

𝛼𝐹
) · ln 𝑘𝑠

𝑎𝑝 −  (
𝑅𝑇

2𝛼𝐹
) ·  ln 𝑣    (eq. 16) 

∆𝐸𝑝 =  𝐸𝑝 − 𝐸𝑝1
2

= 1.875 · (
𝑅𝑇

𝐹𝛼
)                              (eq. 17) 

As can be deduced from the equations, for this type of mechanism, there is a 

dependence of Ep on the scan rate: 

(𝛿𝐸𝑝/𝛿 log 𝑣) = −
29

𝛼
         at 298 K                            (eq. 18) 
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For values of ks greater than 1 cm s-1, the ET is considered fast, while if it reaches 

values of 0.1 cm s-1, it is a slow ET both at low and high v. 

From a chemical point of view, in these processes, a stable radical species is 

formed in the time of voltammetry when it is possible to detect the reversibility of the 

peak. However, when the radical species is not sufficiently stable in the time of 

voltammetry (that is, it undergoes a chemical reaction), the voltammogram becomes 

irreversible. 

By applying different scan rate during the CV scan, it will be possible to determine 

the speed of the associated chemical reaction that will allow us to detect a stable 

species on that time scale. 

 

i. EC1 Mechanism: ET coupled to a first order chemical reaction 

In this mechanism, a first ET takes place followed by a stage C: 

 

The concentrations of the electroactive species involved in ET are defined as follows: 

(
𝛿𝑐𝑂𝑥

𝛿𝑡
) = 𝐷𝑂𝑥 (

𝛿2𝑐𝑂𝑥

𝛿𝑥2
)                                             (eq. 20) 

(
𝛿𝑐𝑅𝑒𝑑

𝛿𝑡
) = 𝐷𝑅𝑒𝑑 (

𝛿2𝑐𝑅𝑒𝑑

𝛿𝑥2
) − 𝑘 · 𝑐𝑅𝑒𝑑                          (eq. 21) 

The system of differential equations is solved by imposing the same boundary 

conditions. However, in the case of an EC1 mechanism, the term λ appears, which gives 

kinetic information related to ET and stage C. Specifically, it measures the competition 

between both stages. 

𝜆 = (
𝑅𝑇

𝐹
) (

𝑘

𝑣
)                                                              (eq. 22) 

When it happens that f λ  0 (k  0 or v  ∞), there is only control by diffusion. In 

CV, the effect of stage C is not observed, since it takes place more slowly than the 

diffusion of the species. The electrochemical parameters are therefore calculated in the 

same way as for a fast ET. 
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𝐼𝑝 = 0.446 · 𝐹 · 𝐴 · 𝑐0 · 𝐷1/2 · (
𝐹𝑣

𝑅𝑇
)

1
2

                                  (eq. 23) 

𝐸𝑝 = 𝐸0 − 1.11 · (
𝑅𝑇

𝐹
)                                            (eq. 24) 

∆𝐸𝑝 =  𝐸𝑝 − 𝐸𝑝1
2

= 2.20 · (
𝑅𝑇

𝐹
)                                   (eq. 25) 

(
𝛿𝐸𝑝

𝛿𝑙𝑜𝑔𝑣
) = 0                                                  (eq. 26) 

In a second case where If λ  ∞ (k  ∞ or v  0), the determining stage of the 

reaction is stage C. In these cases the term α and Ks are introduced 

 

𝐼𝑝 = 0.496 · 𝐹 · 𝑆 · 𝑐0 · 𝐷1/2 · 𝛼1/2 · 𝑣1/2 (
𝐹

𝑅𝑇
)

1/2

                (eq. 27) 

𝐸𝑝 = 𝐸0 − 0.78 · (
𝑅𝑇

𝐹
) − (

𝑅𝑇

2𝐹
) · 𝑙𝑛 (

𝑘𝑐

𝑣
·

𝑅𝑇

𝐹
)                        (eq. 28) 

∆𝐸𝑝 =  𝐸𝑝 − 𝐸𝑝1
2

= 1.875 · (
𝑅𝑇

𝐹𝛼
)                                  (eq. 29) 

(
𝛿𝐸𝑝

𝛿𝑙𝑜𝑔𝑣
) = −29.6 (𝑚𝑉)                                          (eq. 30) 

Unlike a slow ET where no chemical reaction is coupled, it is the width of the ΔEp 

peak. While for a slow ET where there is no C, values of ~94 mV are obtained, for an 

EC1 mechanism a value of ~47 mV is obtained. 

In addition, the dependence of the Ep with the scanning speed is also a factor that 

characterizes the EC1-type mechanisms. 

By CV, by modifying the scanning speed, it is possible to obtain a voltammogram 

with peaks that are reversible (at high speeds) or irreversible (at slow speeds). The 

speed at which the ET observed in the voltammogram becomes reversible allows 

knowing the kinetic constant associated with the chemical reaction. 
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ii. EC2 Mechanism: ET coupled to a second order chemical reaction 

 

In this type of mechanism, it consists of a first ET stage followed by a second-order 

chemical reaction. This type of process is typical of dimerizations. 

 

The concentrations of the species are defined by the following differential 

equations: 

(
𝛿𝑐𝑂𝑥

𝛿𝑡
) = 𝐷𝑂𝑥 (

𝛿2𝑐𝑂𝑥

𝛿𝑥2
)                                              (eq. 33) 

(
𝛿𝑐𝑅𝑒𝑑

𝛿𝑡
) = 𝐷𝑅𝑒𝑑 (

𝛿2𝑐𝑅𝑒𝑑

𝛿𝑥2
) − 2𝑘 · 𝑐𝑅𝑒𝑑                              (eq. 34) 

As in the case of an EC1 mechanism, the term λ gives kinetic information related to 

the chemical reaction associated with ET. 

 𝜆 = (
𝑅𝑇

𝐹
) (

𝑘

𝑣
)                                                              (eq. 35) 

 

There are two different situations. i) If λ  0 (occurs when k  0 or when v  ∞) the 

process is controlled only by diffusion, so the voltammogram shows a behavior similar 

to a fast ET. For this case, the equations that determine the electrochemical parameters 

would be the same as those in section a). ii) When λ  ∞ (in the case where k ∞ or 

when v  0), the process is controlled by the chemical reaction. In this case, the following 

expressions are obtained: 

𝐼𝑝 = 0.496 · 𝐹 · 𝑆 · 𝑐0 · 𝐷1/2 · 𝛼1/2 · 𝑣1/2 (
𝐹

𝑅𝑇
)

1/2

                (eq. 36) 

𝐸𝑝 = 𝐸0 − 0.78 · (
𝑅𝑇

𝐹
) − (

𝑅𝑇

2𝐹
) · 𝑙𝑛 (

𝑘𝑐

𝑣
·

𝑅𝑇

𝐹
)                       (eq. 37) 

∆𝐸𝑝 =  𝐸𝑝 − 𝐸𝑝1
2

= 1.875 · (
𝑅𝑇

𝐹𝛼
)                                  (eq. 38) 
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Thus, the different mechanisms found in this thesis were determined by studying the 

relationship between the parameters 𝛿𝐸𝑝/𝛿𝑙𝑜𝑔 𝑣 and 𝛿𝐸𝑝/𝛿𝑙𝑜𝑔 𝑐. Table I. 

 

Table I. Types of electrochemical mechanisms according to the variation of the oxidation/reduction 
potential peak versus the variation of log of the scan rate and the variation of log of the concentration. 

 

 

 

Reference: 

(1) J. Bard, A.; Faulkner, L. Electrochemical Methods: Fundamentals and 
Applications, Ed. 2.; Wiley, Ed; Texas, 2001. 

 

 

 

Mechanism 𝜹𝑬𝒑/𝜹𝒍𝒐𝒈 𝒗 𝜹𝑬𝒑/𝜹𝒍𝒐𝒈 𝒄 

Fast E 0 0 

Slow E ± 29.6 / α 0 

EC1 ± 29.6 0 

EC2 ± 19.6 ± 19.6 
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Annex II: Screen-Printing Technique 

Screen-printing technology is a stamping procedure that consists of the passage of 

an ink through a mesh with open areas previously defined. With the aid of a stencil, the 

ink can pass through and deposit it on a substrate (placed at the bottom of the system). 

Figure II. This technique allows printing a wide variety of shapes and designs, with 

micrometric precision thanks to the use of photolithographed meshes and controlling the 

wire density of the mesh. 

Currently, screen-printing can be used for the fabrication of electronic devices in 

any laboratory without the need for a clean room. This technique is characterized by 

allowing the mass-production of printed systems in a very reproducible way.  

 

Figure II. Schematic representation of the steps in the screen-printing process.  


	Títol de la tesi: Design, characterization and fabrication of
electrochromic flexible materials for the
development of smart devices
	Nom autor/a: Sara Santiago Malagón


