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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.









Resumen

El avance en el mundo tecnolégico ha impulsado la innovacién de aplicaciones con
funcionalidades inteligentes. Por lo tanto, la creacién de materiales cuyas caracteristicas
pueden cambiar de manera reversible por una estimulo externo se ha convertido en un
tema de investigacion en aumento en los ultimos afios. En particular, los materiales
electrocrémicos tienen la capacidad de cambiar de color en respuesta a un voltaje
eléctrico. El control de la transmision de luz o la absorcién de materiales puede contribuir
significativamente a aplicaciones como pantallas electrocrémicas, ventanas inteligentes,
espejos retrovisores antideslumbrantes y, mas recientemente, en biosensores
colorimétricos. La tesis doctoral actual describe la respuesta electrocrémica de
moléculas que muestran “electrocromismo verdadero”, como el poli(3,4-
(propilendioxi)tiofeno y el Azul de Prusia, asi como “electrocromismo con memoria”,
como los interruptores moleculares de tipo espiropirano y diarileteno. Finalmente, esta
tesis muestra, como prueba de concepto, el disefio y fabricacién de pantallas y sensores

electrocrémicos mas respetuosos con el medioambiente.

VI









CHAPTER 1. INTRODUCTION






Introduction

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 ?, 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 “, and the contraction/dilatation of
eye pupils for light modulation °. 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.

Color Camouflage E. Coli Humidity responsive plants Tissue repair
Flagellar motion

Biological Structures/Systems

L1

Smart Applications with Bioinspired Functionalities

Smart Windows Nanorobot Sensor & Actuators Self-healing polymers

=R

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 ®=°. 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 1°.

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) 1!, wearable sensors (e.g. for in situ
glucose detection) 12, actuators (e.g. artificial muscles) 3, nanorobotics and medicine

(e.g. targeted drug delivery systems) 416,

Stimuli to which they might respond include temperature, mechanical stress, strain,
hydrostatic pressure, magnetic fields, electric currents, pH, and chemicals 178, 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 *°.

a)

b)

c)

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
(Ty), 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 2°. 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 2.

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, SiO.. 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 2.

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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d)

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
2. 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 4. 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 patrticles tend to align in the direction of the magnetic field with a consequent

increase in internal stress and hence, the rheological properties change %2,

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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Smart Materials

| o v |
I@ Shape-memory @ Piezoelectric I/Q' Magnetorheological 1
= 3

Chromic

Aerospace Transducers and sensors in * Sensors and actuators Glasses
Robotics inkjet printing, sound » Construction Smart Windows
Clothing and fashion detection and production * Artificial intelligence Optical sensors

« e e s e .

Medical devices (stents and » Piezoelectric ceramics *  Drug delivery, enzyme Smart textile

filters) « Phones and devices immobilization, cancer Rear-view mirror
= Motors therapy Smart Packaging
« Buzzers labels

Pressure sensors

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)

b)

c)

d)

d-d transitions occur between molecular orbitals (MOs) that are mostly metallic, such
as certain inorganic complexes. Figure 1.4.a)

Charge transfer (CT) transitions are observable in organometallic complexes where
an electron is transferred between metal and ligands (the ligands must be 1-donors
or Tr-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)

Some organic molecules typically have double bonds or unsaturated systems with
pi-electron and heteroatoms with non-bonding valence-shell electron pairs. This
generates 1 - m* electronic transitions (e.g. C=C and C=C groups), 1 - T 555 and
n- m* (e.g. C=0 and N=0), and n- o* 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).

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 *.

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



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

maximum absorption value (Amax) 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 (n) 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 hew and improved compounds, and the design of molecules
with multifunctionalities 3-3°. 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.) 3¢. 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 -9,

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 %°. There are also
commercially available electrochromic smart devices such as anti-glare rear-view mirrors
(Gentex ®) 42, electrochromic glasses and price tags *3. 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. ®) 4445,

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 4648,

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 “°.
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
4, 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 Co?*
and In®*, or even to modify surfaces for detection and identification of a series of metal
cations (Cu?*, Ni#*, Fe®*, Hg?*, Zn?*, Mg?*) °0-°2,

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

11
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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, WOy. However, it was not until 1961 that the term
‘electrochromism' was first defined 3%, 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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Electrochromic Molecules

‘True’ Electrochromism Electrochromism with ‘Memory
Single response Multiresponsiveness

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.
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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, MoOs3, V205

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 >°

Metal complexes

[M"(bpy)s]** (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 >¢>’

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 >8

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 %60

Prussian Blue (PB)

Fes"[Fe"(CN)e]s

Low reduction potentials
Robustness
Mediator

No option of color tuning

Optical and Electrochemical
Biosensors 61763

Electrochromic
Polymers (ECPs)

polyaniline (PANI), poly-pyrrole
(PPy) polythiophenes (PThs),
poly(3,4-
ethylenedioxythiophene)
(PEDQT) 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 %




Introduction

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 Depaosition (PVD),
among others, which enable the homogeneous modification of large surface areas %,
The chemical reactions implied in the electrochromic process of the most common TMOs

are depicted in Scheme 1.1.

+ ne”

WO; + nX' =—== X,W(.)W,03 1)
Colorless -he Deep Blue
+ ne’
MoO; + nX* -—n—e- X;Mo(3_,Mo;,03 ()
ColoHess Deep Blue
+ ne’
Vo05 + nX' ==—==X,V(1.)V5Os (3)
Brown-yellow -ne Pale Blue
- he
Ni(OH), + OH === NiO-OH + H,0 @)
Pale green ne Black

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 (M", such as Fe, Ru, Os) is coordinated with bipyridyl
or bipyridyl derivative ligands. A notable example is [Ru(4-bpy)s]?* , which is known to
present an intense reddish-orange coloration that becomes green when it is oxidized to
[Ru(4-bpy)s]**. Scheme 1.2.

Green

Scheme 1.2. Electrochromic conversion between [Ru(4-bpy)s]?* and [Ru(4-bpy)s]** 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)s]?* 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 577,

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 . 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. ldeal 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.)

N®
| A
Z +1e +1e
=z | -1e -1€
X
T@
Colorless Purple Yellow

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

Prussian Blue (PB): Fes"[Fe'(CN)s]s - nH.O (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 ©°. 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 7°. The
structure of PB consists of a 3D lattice containing mixed valence iron atoms (Fe?* in 0.75
ratio to Fe3*) in a face-centered cubic structure whose cavities are 3.2 A. 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 (Fe?* 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 . Figure 1.6. depicts the
electrochemical process involved and the structure of PB.

400

KIFe"Fe'(CN)] + & + K* === K,[Fe'Fe'(CN)]
T PB
:
> 0] KIFe'Fe'(CN)] - & - K* === [Fe'lFe"l(CN)]
PB

-400 <4

@

v Reduction Reduction
‘g‘ &9 — @ -
3 ' & ~ L
: e g Oxidation Oxidation

et
é"‘ " 29
a 9P

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.”2 On
the top right, electrochemical reactions. At the bottom, BG, PG and PW structures respectively.
Adapted with permission from ref.”3. 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 O, and H>O, for the advancement
of solar fuel production 74, storage of H; for energy production ’°, production of cathodes
for sodium batteries “® and in photochemistry given the photoinduced magnetism of PB
7. 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 1% 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 2, For this reason, the use
of PB as a sensing compound boosted the design and production of electrodes modified

18



Introduction

with this material "8. 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 m 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 379%%, 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 agueous 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.
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Figure 1.7. PXDOT type polymer derivatives with electrochromic properties designed by Adapted with
permission from ref.8! 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 8.
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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 8. Figure 1.8.
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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 8.

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 &°.

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 CBPQT**), The oxidation of TTF to TTF?* leads to a change in the stabilization of
subunit. Figure adapted with the permission of reference .

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 &’.

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---1m 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 8. 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 . 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. % 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 8+°1,

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) 82,

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 -,

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 %%, a structural change due to the formation or

breaking of bonds (e.g., cyclization/opening of the molecule skeleton) %11, 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.

Open/Closed Isomerization J Trans/Cis Isomerization ]
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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.
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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 humerous 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 %2, 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 1%,

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 (Aexc = 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 10419,

Ring-opening and closing has been extensively studied by computational and
spectrochemical studies. The first stage involves the cleavage of Cspio-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 611 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 Tr-conjugation between the two
moieties. Thus, a new absorbance band that has shifted to the visible region appears,

with Amax= 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 Amax = 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

NO.BIPS are summarized below.

i. Electrochromism of nitrospiropyran (NO.BIPS) MS

The electrochromism of spiropyran derivatives, on the other hand, is almost
unexplored in the literature 127117, In 1993, studies using EPR spectroscopy reported for
the very first time that the electrochemical reduction of naphtospiropyran was fully
reversible 8, 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 (1%t reduction, 2" 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 NO.BIPS was only observed under -42 °C 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 (SP7)'>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.

(o

Scheme 1.4. Photoelectrochemical system found for NO2BIPS in DMF at -70 °C %,

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(ll) ions in mild conditions led to the dimerization of
spiropyran through a C-C coupling ?°. 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 7.

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 1?2123 bio- and chemosensing applications
(detection of ions, pH variation...)!?* and even their use as rewritable optical storage

memaries %2,

Despite the promising photo-electrochemical properties of NO.BIPS 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 2.

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 6mn-
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.

ring-open X=HorF ring-closed
antiparallel conformer coloured
colourless linearly conjugated

cross-conjugated

R parallel conformer

Figure 1.12. Reversible photochemical conversion of DTE through a 61 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
guantum vyield is determined by the ratio of these conformations'?”: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
guantum yields *?°. 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 n-conjugation of DTEcimproves 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 131132,

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 %3, 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 6n-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 m-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 1T-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 134135,
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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 *¢-1¥  whereas the Feringa group proposed that the

reactions are mediated by dicationic species as mediators®®®,

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™— DTEoy) 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 4.

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 41,
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Figure 1.13 lllustration 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 guantitative 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.
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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 142143,

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, WOs3, ZnO, Co0304, or V,03) 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 TiO,and
methylene blue (MB). Light irradiation causes the excitation of TiO,, 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.'#’ 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 148149,

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 WO; or V205,
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 %0,

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-TiO,, ITO-TiO, with PB ¥1:152, 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)!®®. Meanwhile,

others have managed to provide multifunctionality to these hybrid materials %4,
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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.

Direction of progress:

e *2

Rigid Flexible Stretchable Deformable

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.1®> 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 %%, or tin-oxide derivatives such as ITO or FTO %7 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 51,

a) Sandwich configuration b) Coplanar configuration

Transparent electrode (1o, PEDOT:PSS...) Solid electrolyte

Solid electrolyte

lon storage Substrate

Electrode (transparent or not) ‘— |
|
I

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* S-cm? - 10° S-cm™), 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. lonogels (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 1%81%° 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 to 8-:102 S-cm™* 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 '°. 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)61162,

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 (CNTSs) 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 3. A second group of inorganic
IGs is based on the confinement of ILs within a silica network 64,

Organic IGs. These IGs can either be low molecular weight gelators (LMWGS) or
polymer gels. For LMWGs, organic molecules such as L-glutamic acids,
carbohydrates'® , cholesterol ¢ or cyclo(dipeptides) 7 are mixed with ILs, heated
to high temperatures, and after they cool down, interactions such as hydrogen bonds,
- 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 16817,

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.
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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 *72, 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 13174, 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 174176,
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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) '’’. 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 178:17°,

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 18°,

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 H»O, that
subsequently oxidizes an electrochromic molecule such as 3,3,55-
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 H;O, 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 8. 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.

Adsorption Affinity

—i!"@ Immobilization at specific binding sites.
«© \/ Negligible activity loss.

—D X Chemical modification of bioreceptor is required.

7

\/ Simplest mode of functionalization.

X Poor attachment, fast deactivation.

Covalent bond t @ _ Entrapment
\/ Stronger attachment \ 0} /6\\, \/ Simple and biocompatible.
(e.g., carbodiimides, carboxylic, amino groups) ~ \ X
0 ) X Desing of an appropiated environment is required.
X Fast deactivation. ) )
Crosslinking

\/ Good protection of bioreceptors.

X Deactivation due to conformational and chemical changes of active sites.

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.

Some biosensors

Biopolymer Composition Source

examples

Alginate

Salts of Ca?*, Mg?* or Na* of
alginic acid

Cell walls of brown
algae

Urea 183 DNAl84

Chitosan and
chitin

glucosamine (dea cetylated
monomer) and N-acetyl-
glucosamine (acetylated
monomer) monomers linked
through B-,4 glycosidic bonds

Shells of crustaceans,
fish scales, fungi,
insects...

186

I185, glucose ™",

Cholestero
uric acid*®’

Three left-handed helix by

Found in connective

Glucose 88, pathogens

1,4-linked glucose units

wheat...

Collagen interaction of glycine, proline tissue, skin, tendons,
: . : and toxins 18°
and hydroxyproline units bonds and cartilage
I e formed b Kanamycin'®® | glucose!®!,

Polysaccharide forme -
Cellulose y' . yB Plant cell walls. lactate192

1,4-linked glucose units
Starch Polysaccharide formed by a- Corn, potatoes, Ochratoxin A 193,

phenylketonuria 13,
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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.

V. 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 19419,

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 1,

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 2°°2%! 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 B-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 | and silk 1l. While silk Il is formed by folded B-sheets
(nanocrystals) as a consequence of intermolecular interactions, silk |1 forms a zigzag
conformation because it is composed of a 3-sheet, a-helix and random coil. The more
ordered silk Il structure can be induced from silk | after a water annealing process or via

methanol or potassium phosphate treatment 197:205.206,

The silk-Ill structure is also possible, but is less stable and is only formed in
regenerated SF 2°7,

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 scaffolds2°82%°, drug delivery?*® and
biosensor devices 21212, Recently, due to its mechanical and optical properties, SF has
also been used in the manufacture of flexible electronics?'® and photonic displays 24
This material’s robustness, flexibility, non-toxicity, biocompatibility and biodegradability

make it suitable for the development of next-generation devices 2%°.

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 (GOXx)

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 °°. b) Schematic representation of silk
microstructure. c) Examples of materials formed using SF solution.
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Objectives

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:

e 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).

o 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.

o 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:

0 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]

[2]

[3]

[4]

[5]

Santiago, S.; Aller, M.; Campo, F. J.; Guirado, G. Screen-printable Electrochromic
Polymer Inks and lon Gel Electrolytes for the Design of Low-power, Flexible
Electrochromic Devices. Electroanalysis 2019, 31, 1664-1671.
https://doi.org/10.1002/elan.201900154.

Santiago, S.; Mufioz-Berbel, X.; Guirado, G. Study of P(VDF-Co-HFP)-lonic Liquid
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https://doi.org/10.1016/j.mollig.2020.114033.

Santiago-Malagén, S.; Rio-Colin, D.; Azizkhani, H.; Aller-Pellitero, M.; Guirado,
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Biosens. Bioelectron. 2021, 175, 112879.
https://doi.org/10.1016/j.bi0s.2020.112879.
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Solid Multiresponsive Materials Based on Nitrospiropyran-Doped lonogels. ACS
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Electrocarboxylation of Spiropyran Switches through Carbon-Bromide Bond
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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.
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3.1. Optimization and Formulation of Ilonogels for its wuse in
electrochromic applications

The results discussed in this section correspond to the following publication: J. Mol.
Lig. 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 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.
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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

78


https://www.sciencedirect.com/science/article/abs/pii/S0167732220341751?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0167732220341751?via%3Dihub

Results and Discussion

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 pum.

The rheological properties of membranes were evaluated qualitatively. Membranes
prepared without IL (0% w/w BMIM TFSI content), were opaque (transmittance % (AT
%) = 14.8%), while the transparency increased with the concentration of IL up to a AT %
= 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 (i) 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 a-phase; v = 796 cm™ (CFs sym. stretching) and v = 760 cm™ (-CH;
bending)) clearly decrease when increasing the percentage of BMIM TFSI in the
membrane, while those corresponding to the amorphous polar B-phase (v =1404 cm™ (-
CH. ant. stretching) and v=876 cm? (CF, and C-C sym. stretching) were more
pronounced. This confirmed the morphological change of the 1G, 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 (o). 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 (> 10°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
10° 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):

1 1
= Kxﬁ eq.(1)

where o is the ionic conductivity (in S), R is the resistance obtained from EIS
analysis (in ohm) and ﬁ is the cell constant (in cm™) where | 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 KCI solutions of known
conductivity by EIS. The cell constant value corresponded to the slope of o versus R

representation, and the value obtained was 0.60 cm™.

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.
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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?, 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, PPz TFSI, BMPyr TFSI, Ni1114TFSI, BMIM BF, and BMIM PFs, and

compared.

Considering rheological properties, it was observed that the membranes containing
BMPyr TFSI and BMIM BF. were more rigid and less transparent (AT % < 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™ < PF¢™ <
BFs) may disorder the polymer arrangements, hindering the formation of crystalline

domains and resulting in less plastic and more opague 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
Ni114* 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 BF. 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 Ni114 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. lonic conductivity estimated from resistance values
obtained by A.C. EIS measurements and electrochemical windows recorded by CV.

Electrochemical

Sample AT (%) o (mS/cm) Epe (V) Epa (V) window (V)
BMIM TFSI 71.3 0.295 -1.33 1.43 2.76
BMIM PFg 69.9 0.393 -1.26 1.47 2.73
BMIM BF,4 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
PP 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,
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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,
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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. Osterholm, Eric Shen and John R. Reynolds from Georgia

Institute of Technology, Atlanta.

R = 2-ethylhexyl

ROXOR ROXOR
Oxidation

@) O . 0] @]
m\ Reduction m\
S /n L S /n |
Magenta Bleached

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 i) the conducting particles, and iii) the binder, when necessary, to provide proper

consistency and viscosity **®. Here, ECP-Magenta, ATO@TiO, microparticles and
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dimethylpropylurea (DMPU) were selected as electrochromic material, conducting
particle and binder, respectively. ATO@TiO, 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@TiO, 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.

d
0
4

d
'

1) Ag tracks 2) Cyrapnite WEand CE  3) ECP-Magenta ink 4) Dielectric 5) Electrolyte

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 E,c= 0.20 V vs Ag/AgCI (E° = 0.25 V vs. Ag/AgCI). 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 ’. 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.
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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?)

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
Amax = 528 nm associated to 1T-11* 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/AgCI)) 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@TiO, 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@TIO:
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,
T8 = 2.1 s of bleaching time and tc = 2.2 s of coloring time. The coloration efficiency (CE),
defined as the change in optical density (AOD) per unit of charge, was calculated to be
496 cm?/C. This was consistent with previous studies that reported that only a small

amount of charge was necessary to produce a detectable color change &.

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 tg = 2.04
s and tc = 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 |G based on BMIM TFSI.

# Cycles AT (%) CE (cm?/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@TIO.. 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.
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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 °-2.

Considering that, self-powered electrochromic patch biosensors enabling visual
guantification 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@TIiO, were implemented as conducting particles.

In the production of the PB inks compatible with screen-printing '3, conducting
particles were suspended under vigorous stirring in iron (1) sulfate aqueous solution.
Then, a potassium ferricyanide solution was added dropwise to the solution and the
precipitation reaction of KFe[Fe(CN)g] (PB) took place following equation (1).

FeSO4 (ag)* Ka[Fe(CN)g] (o) — KFelFe(CN)] eq. (1)

aq)

The resulting blue particles were centrifuged and washed with diluted HCI to
remove the excess of non-reactant species, without compromising PB stability (PB is
stable at acidic pH). After drying at 100 °C, PB particles were physically adsorbed on
ATO@TIO, 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 KNOz (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 E,c = 0.20 V vs Ag/AgCI 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/AgCI. A second
redox process was observed at more positive potentials of 0.90 V vs Ag/AgClI, 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.
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Figure 3.9. a) CV recorded at 5 mV-s of PB pastes when printed over Cgraphite WE and using 0.1 M
KNOs 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 Amax=
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).CI (PVI-dmeOs) 4. The redox mediator presented low potentials, i.e., an
oxidation peak at Epa = 0.12 V vs Ag/AgCl (Os'/Os") and the corresponding reduction
peak at 0.19 V vs Ag/AgCl (Os'/Os'"), 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
(1) to PVI-dmeOs (Il). 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 Cgapnite 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 (Il) 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™. 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/AgCI) 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 Q-cm vs 60-75 Q-cm* 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 (Amax=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 um thick on two layers of
PEDOT:PSS of 2 um.

In general, the methods for extracting chemical information from electrochromic
sensors varies from a hue color change *°, 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,
guantitative 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 6. 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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Bottom-to-top fabrication process by screen-printing Final electrochromic skin-patch device
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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 ¢, 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: Ecei = 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 < Eca — Ean due to an increase
in Ecat — Ean, Which behaved in a Nernstian manner. According to this, higher lactate
concentrations would increase Ece, 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 Ecer). 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.
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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 pA-cm, which led to a blurred bleaching front. However,
the design presented in this thesis was corrected and a better defined color front was

observed.
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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.
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Results and Discussion

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 (NO:BIPS@IG) based on Nii14a TFSI

since it offers a broader electrochemical window.

As already reported 1”18, NO.BIPS solutions presented a maximum absorbance
peak in the UV range, i.e., at Aas = 346 nm, corresponding to its most thermally stable
form, the closed-ring SP. After irradiation at Aexc = 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 Aas 1 = 376 nm and Aas 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.
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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 Aexc = 356 nm.

In the preparation of NO:BIPS@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
guantification. 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 NO2,BIPS could be processed through a very
simple manufacturing process only requiring a simple entrapment step. Additionally,
once entrapped, NO:BIPS@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 NO.BIPS was again the
most stable in the IG membrane, making the films essentially transparent to the naked
eye. After irradiating with UV light (Aexc = 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 Ni114 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 Ni114 TFSI solutions. Additionally, the quantum yield in the membrane
was found to be ®sp.vc = 0.15 + 0.03, which was in agreement with the values reported

by this compound in polar solvents such as ACN (®sp.vc = 0.12) 18,
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Figure 3.14. a) Photochromic characteristics of NO2BIPS@IG membranes. Exposure to UV light (Aexc
= 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 Aexc = 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 Aexc =
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 kuc_sp =
9.2 x 10 st at 25 °C, which similar to the magnitude reported in solution by organic polar
solvents (N1114 TFSI: kuc—sp = 1.9 x 102 s1; ethanol: kuc—sp = 9.2 x 10* s at 25 °C).
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 NO.BIPS 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 NO:BIPS@IG membranes

Apart from the well-described photochromism, thermochromism *° (i.e., color
change due to temperature changes) and halochromism 2°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 NO:BIPS@I1G 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., H2SOa, in the
dark, the SP structure opened to vyield (Z)-MCH* with the 4-nitrophenolate group
protonated. This produced transparent NO>BIPS solutions and membranes, with an
absorption band at Aaps < 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 Aexc = 365 nm, both the solution and the membrane
become yellow with a clear absorption band close to Aas = 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, Aexc = 445 nm, which produced
the transformation from (E)-MCH" to (Z2)-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 Ni114
TFSI.

On the other hand, the thermochromic behavior of NO.BIPS molecules was also
investigated in solution and in NO2:BIPS@IG membranes. When heating the compound
above 29°C, a gradual color change was observed from colorless to intense pink colored,
with absorptions bands close to Aas=550 nm. Concretely, NO,BIPS@IG membranes
presented an absorption band located at Aaws=552 nm, which slightly differed from those
obtained with the same sample after photoisomerization (Aaps=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 °C, 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 NO:BIPS@IG membranes at different temperatures. b) UV-Vis absorption
spectra of NO2BIPS@IG membranes. An increase at Aans=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 NO>.BIPS@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 NO.BIPS@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 224,
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The anodic response of NO:BIPS@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/AgCIl). 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.
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Figure 3.17. a) CV of NO2BIPS@IG membranes recorded at 20 mV-s. 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, |G 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.

Itis 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 NO2,BIPS
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]?*. The formation of the dication was
confirmed spectroelectrochemically through the presence of two absorbance bands at
Aans=416 and 500 nm when applying 1.20 V (vs Ag/AgCl), which corresponded to [SP-
SPJ?*. The following parameters related to the electrochromism of the dimerization
process were determined at Aaps=500 nm: i) a large color contrast of AT = 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 n = 245.9 cm?mC.

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]?* 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]?"), orange ([SP-SP]™*) to yellow ([SP-SP]). This observation agreed with
spectrochemical analysis, where the following absorption bands at Aas = 360 and 473
nm, corresponding to the [SP-SP]™*, and at Aas = 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]?* to the neutral form
[SP-SP] was AT = 47%, which lower than before by the overlapping of the absorbance
peaks corresponding to [SP-SP]?* 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 Aas = 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’.
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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]?*. 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 2°%’. Moreover, the -NO:
substituent is particularly interesting since it can be reduced at relatively low applied

potentials.
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Although it is known that NO.BIPS 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 Epc1 = -1.23 V vs SCE. This one-electrode
pseudo reversible cathodic peak (AEp = 56 mV) was associated to the reduction of the
closed SP form, i.e., the most thermodynamically stable, to the [SP*7] radical anion. The
reverse oxidation peak observed at Epai= -1.10 V (vs SCE) corresponded to the
oxidation of [SP™7] to SP. Apart from that, two new peaks appeared at Epa 2= 0.19 and

Epaz=0.47 V (vs SCE), which will be discussed above in this section.
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Figure 3.19. a) CV of 5 mM NO2BIPS solution in acetonitrile (ACN) and 0.1 M of TBAPFg as supporting
electrolyte. Scan rate 0.5 V-s™. b) Study of the reduction peak at different scan rates (from 0.01 to 10
V-s).

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 (I,c) and the anodic peak current values (lpa) at
several scan rates. Results in Figure 3.19 b) show how the ratio Ip/ Ipa ratio decreased
when increasing the scan rate up to values close to 1 at scan rates above 10 V-s™. Thus,

the reduction electron transfer of NO.BIPS 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 (AEp = 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

st

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?). Interestingly, the MC radical anion (MC™) form was
3 kcal mol* 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.
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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 TBAPF¢ 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 (*H-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™ peak corresponding to the vibrational stretching
of the olefinic carbons, which disappeared after the formation P; and (ii) in the 976 cm™
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.
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Figure 3.20. a) Mechanism of the electrochemical reduction proposed and the hypothetical
intermediate b) *H NMR spectrum (360 MHz, in CDClz 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 Epa3s= 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™). 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.
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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 TBAPFs
as solvent at a scan rate of 0.1 V-s!

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 Amax = 426 nm (yellow color) at reduction potentials slightly
higher than Epc1 =-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 (Amax = 400 nm for 4-nitrophenolate) 28.
Considering that, the previous oxidation peaks at Epa>=0.19 and Epa3=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 293, Figure 3.22.
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Figure 3.22. a) Spectroelectrochemistry of 0.5 mM NO2zBIPS solution in ACN 0.1 M TBAPFsin its initial
form SP (Amax = 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 Amax = 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
o-bond in the olefinic C4, being separated by a distance of 3 A. Thus, the reduction of
SP provoked the Cspirg-O bond cleavage, leading to the formation of MC'~ that evolved
to the formation of P, 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 1r-delocalized systems, where two radical

anions reacted leading to a doubly charged o-bonded dimeric species *-32 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 Aass = 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 TBAPFsin its
initial form SP (Amax = 346). As previously demonstrated, after applying a constant potential of Eapp= -
1.30 V (vs SCE) an increase at Aabs= 426 nm is observed as a result of the formation of P?. Next, an
oxidation potential was applied, Eapp= + 0.80 V (vs SCE), and an increase in absorption at Aabs= 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 (NO:BIPS@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 NO2:BIPS@IG membranes were
initially transparent, with an absorbance band at the UV region, i.e., Aas = 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 Asps = 440 nm that

corresponded to the formation of the dimeric intermediate P*". Figure 3.24.
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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 Aas = 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, 2" 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 NO:BIPS discovered in IG

membranes.
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Figure 3.25. Summary of the responsiveness of NO:BIPS@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 NO:BIPS@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 NO2:BIPS@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 °C, 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 NO.BIPS@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]?*), as well as the corresponding color changes

(intense yellow, orange, red). Figure 3.26. b).
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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 AE = 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
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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)
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Results and Discussion

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 CO, molecule to produce the
final carboxyl addition. Figure 3.28.
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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 TBAPF¢ 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 E,c =-2.23 V (vs SCE) and E,c =-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 WEg,
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* for 5 mM Br-BIPS in DMF 0.1 M TBAPFs. 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 E vs log v with a slope of 35
mV; and ii) the Ey 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 Br7; 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° < E2°); 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
CO. 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 TBAPFs under a saturated atmosphere of CO., the
electrochemical response of the compound was investigated. It was observed that the
electrochemical behavior of Br-BIPS in CO, 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 Eyc = -2.60 V was also obtained, which

was attributed to the electrochemical reduction of CO.. Figure 3.30.
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Figure 3.30. Voltammograms registered at a 0.1 V-s 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 WExq (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 CO, 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 WExg (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 CO, molecules. The proposed
mechanism for the electrocarboxylation of BIPS is presented in Scheme 3.2. and
described below.

e - |oor
N O O Br + 1e” —_— N\ 0 O Br
Br-BIPS [Br-BIPS]™

Y

o K O - )
\ \
[Br-BIPS]™~ [BIPS]'

e X = (X
Noo +1e @ —— N\O @

[BIPS]* BIPS-

‘ N © @ +CO0, — > ON\OCOOG
BIPS- BIPS-COO-

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 |[E%|<|E®]|, (E). Finally,
the [BIPS]™ presented enough nucleophilic character to attack dissolved CO, 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 CHsl 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
WE,q, While reaction byproducts were detected in 36% for WEc and 30% for WE, 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
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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 Aaps=293 nm
with a molar absorption coefficient of € = 3310 — 4586 M* cm™. 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

BIPS Br-BIPS BIPS-COOMe

O = +e, Ar O = +e,CO, O =

B B —_—
N o O H N© Q Br N © Q COOMe
(SP)

@312 nm

@312 nm kgT

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 Aexc = 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 (2)-MCH* conformation was formed, obtaining

a yellow color solution with a Aaws= 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.

Name State Amax ,nm (g, M-'cm-1) k (s*) (MC—>SP) Eyc (V)

Br-BIPS SP 297, shoulder (6293) 0.01986 -2.23
SPH* 297
MC 601
MCH* 428

BIPS SP 296 (8274) 0.0362 -2.53
SPH* 295
MC 585
MCH* 418

BIPS-COOMe SP 292 (8719) 0.0186 -2.08
SPH* 286
MC 573
MCH* 409

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 lonic Liquids (DTE-IL). From solution to flexible I1G

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/AgCI 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 Aexc = 312 nm, the initially
uncolored solution became deep purple, with a clear absorption band at Aas = 510 hm
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 TBAPFs. The voltammograms were

recorded before and after the irradiation of the solutions at Aexce = 312 nm
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Figure 3.34. CV of 1-DTE (a) and 2-DTE (b) performed in ACN 0.1 M TBAPFs. The voltammograms
were recorded before and after the irradiation of the solutions at Aexc= 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.

a)

b) 2DAE T

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 TBAPFs. First, a constant potential of Eappox= +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 Aexc = 312 nm and reaching the PSS, the ring-closing of DTEo-IL
to DTEc-IL produced an increase in absorbance at Aas = 510 nm. When applying a
potential Eapp = +1.20 V vs Ag/AgCl for 140 s to selectively oxidize the DTEc?™ anion, a
clear decrease in the absorption band at Aabs = 510 nm was observed, indicating the ring-
opening of DTEc? to DTEo? 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/AgCI; 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.

DTE; - 1e¢ —— [DTEg]*™
[DTEq]* —— [DTEq)*
DTE; + [DTEg]* — [DTE.]™* + DTEq

Scheme 3.3. Proposed electrochemical ring-opening mechanism for 1-DTEc-IL in the closed form
when an oxidation potential is applied (1% 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.

DTE; - 20 — [DTE.]*
[DTE.J?* —— [DTEgJ?*

DTE. + [DTEg]®* —— [DTE.]* + DTE:*
[DTE.]** —— [DTE]"™

DTE. + [DTEy]* — [DTES* + DTE,

Scheme 3.4. Electrochromic mechanism proposed for the 2-DTE when applying an oxidation potential
(2.00 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/AQCl)). After irradiation at Aexc = 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 DTEZ
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 Aexc = 312 nm, presenting an intense absorbance band between Amax
= 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 Eap = 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.

DTE-IG sample ‘ Epa (V) vs Ag/AgCl Amax (Nm)
1-DTEo 1.12 349
1-DTEc 0.77 527
2-DTEo 1.44 340
2-DTEc 0.95/0.57 506

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
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circuit corresponding to the triggered responses to different stimuli is depicted in Figure
3.37. c).
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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. ¢) 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
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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 solution?*, It was observed that
the close isomer of DTE selectively reacted with the peroxidase enzyme in presence of
the substrate H»O,. 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 . 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 (DTEP), 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 341,

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.

+ |deal 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 2.

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 *3.

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 *. As a
result, 25 pg-mL1GOx and 60 pg-mL1HRP 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:H.O (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 H,O. The latter induced the
formation of crystalline domains (B -sheet structures), which responsible for the
stabilization of the enzymes and the hydrophobicity of the films. After 24 h, 20 um-thick
crystalline films were obtained and used for the production of biosensors. The formation

of B -sheet structures was confirmed by ATR-IR spectroscopy. Figure 3.39.
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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. ¢) 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.
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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.
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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 444,
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 #64” . 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.qg., 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@TIiO
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 “8-5°. 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 ! 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, (i) 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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Conclusions

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@TiO»
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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ceptitile 1o defweraion {1-12) Especially remarkadie s the spplication
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doped warh photcelectocleomic spiropyran dedivatives with a wide
Fange of appbicatinns Moo sov windows fo gas svisors [40-45 |

2. Experimental
21 Majerials

Poly vimytickene Thwide-co-hexalfuoropropydene | (PVDF-co-HIY'),
M 300,000 g oeal '), 1,3 Dxhydro- 1,3, 3 -trime i 6-nitrospire
|2H-1 -benmpyran-2 2~ 24| indole | (spropyran 98% ), and anhydrous
acetone for HPLC [>90.9%) were paire hased froan Sigima-AKIAoh, and
used 25 receved.

lone  Bquids  (ILs),

( erifluoeome thanesul fory) pide

L-butyl 3ethytimidazalium - his
(OMIM. TESR) 1yl
mathyimidzalun  healluecoptunphoae (RMIM PR, | -Botyl-3-
methytimideotum  tetrafluoeoborate (B4IM BE L butyl-methyl-
acmanium bis/ealluoramethancsulomd mide (N, ;.o TSI, T-methyl-
1 -propylppendnium bis{ tnfluoromethanesalfomd amide (19, , THI),
aed 1-buaryl- Lomethdpyoroldiniom tisillusrome thanssuXonygl Kmide
(BMPyr TES1) were porchasad and deied with oobecular seves of 3 A
ST OO VAU FOF 24 11 00 eniuin & vwater aomient of <1E,
MO<vated PEY sheets, 80 115g, resistance, veere acyuired from
Sigma-Akkich, Screso-Prinred elacrrodes fac elecorochemecal and
spectroe ke cirocherical measirements were peechased from Dropbens,

22 K prrparation

10 were prepared by stimmg the desired amouee of IL, (VD F-m-
HFP), and aceroae foe 24 h in acecone ynder N, ammosphere 4t 1oom
temperature, For all IC compastions, the weizht rato BIVDF.co HH'
Acetore of 120 was maimtaned. Once the sulution was completely ho-
mogeneots. the same volume was cxted 1o 2 mold and doed at room
Lempo ratune foe 24 I 1o ercurne e cocil oviporaion of Jvtone.

21 Rwto-eltrochromar disphay fabvication

Tix phico-dectrocTnoeic Ssplay wis lbdcaed by propaing 2 so-
lutroo contaiing specopyran 2 md and TEMIO 4 mM i BMIM TF51
Aber thes siep, the devired whnme of sofution was weighed and moed
with PIVDE-co-HFF) | previoesly dssolved in acetone (i 1220 weght
ratho L in urder to obtan §3 55 BMIM TIS loadi ng. The resuling solstion
was casted on aghss Jdide? and dned for 24 A 15 % Zom® 16 area
wis themn cut and placed hetvwevn twe ITO-coated FET o hearndes and
conncied 1o a potentiostat.

24 (horscteraation fectnigues

Potenuosta CHnm rument BERE mod el was wsed to performekectro.
il impedace spactroscopy (B ) o pooride farther msghts imo
the dectrochemicd peopeties of 16s mesndanes. An AL impedance
technique was used, nd 2 =il aorplinade potential cedilation of
S o was applied in oaler 10 guarienos the meusurements in (e stoaly
state. where no sipsficant chermecal changes were observed ot 2 fre-
quendy rarge between 1 MHz and | B The 0.0 potential was st at
open cecuit potemial (OCI'), The resulting impedance spectra wore
fed wich Chisi0e softwee e, modelng the equivalent decust mode] ac-
corchng 10 the plsico-chermical peooesses that took place on the ehec-
trode surface,

Cyche voltanuveny (CV) measurements were made with the same
potentiostar maded ks arder 1o deserminge (he dectnochemical windows
for each 1G membrane. All electrochenical studies were performed
using sreen printed! elecrodes, whese carbon electrodes were used as
working asd counter, and AgARQ were ussd as pseudo-reference
elarodes.

FTIR spactra of IG meonbranes were recorded oaing a FIIR Tensor 27
Beuker spevtrophotometer. and the Specac Golden Care xxcessoey fog
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the amenuated reflecance modality (ATR) @ the @nge o 3300 10
B50cm ', OFUS 55 software was used S monioeing the spestra

Spectrosfectrochemistry studies were peclormed useg 3 VSP100
modd potestiosat and controfles) by EC-Lab V.51 sofiware, The
potenrio Zat was coupled 10 3 LVIIZ9) Hamamatss specrophotome-
ter and contmiled ysng Bokne 32 Y448 software.

1G ik thichnesses were exanmed using confoca) imaging 2 2 no-
contact optical 12 profing technigue wwing Secsofar PLuteox Micros-
cofry and SenSCAN software for monkcring.

Morphological studies of ¥ membranes st different peroentages of
BMIM TFS were corrlad] opt Lsing 4 NERLIN FE-SEM Scamning. Elecon
Microscopy at 2 woltage of 1.0 KV The samples were pee-treated by coat -
ing them with gold using Preasion Erching Coating System (PECS™)
Sultening

1. Resudts
1. dsfivence of X boodvey on ophienl axd srechone propemer of 1Gs

In this study, the IG membranes presented o Fig. 1 wese prepaned
and Sudwd, They contaised QilTecent caboo-a0kn compositions, i
loadioge. and doping apety,

The effect of the L content in the IG | welght percenrage) was eval-
wated by loeding different I amounts in PVDF-co-KIP) polymer
oo and comparing their npeical. dectrical and mechascal prog-
eities. The combination of BMIM * cation and TFSE anion were wed
as mode L Result iy 163 membeanes presen ted dear aspect chiffer-
ences depenching on the IL Joad (Fiz. 2 a)), which corroborated by
speciral analysis, A1 SO0 [weight] of BMIM TFS o below, IG s m-
beares were opague, with transeaittance perceistages (AT2) in the
vissble rarge below 155 (Fig 2 b)) for 40 pem-thick memliranes (thk-
ness determined by optical profilemetry ) and too ripd to be used in
fosible deplays. The oprical (Lo, tansparency ) and teslogical prog-
erties [Le Aexibibtyelastiony) of the Xis improved when increasing
the perventage of 1L Mascrmen light trassemttanoe was obtained
when Incorporatng 0% of L (AT = £3%}, although IC membeanes
losr mechanical ressstance when IL conceniration excecded 8675
Hence, optimal L concentration in the Xi was set 2t 8359 for comibin-
g oxcelkent optical ad mechanecal performances,

Althcugh iU alewst compietely masked e polymer netwock and
Uhe factsal e mibeanes muorpbokgy, SEM mvges revealed evident moe-
phologea changes in the 1Gs 3 high IL concertracions that Influcnoed
the opical and mechans ol propesmes [ Ry, 31

IL apparently reduced the poresity of the membrane, which may
be partialy respoasible for its opaaty, while contributing to polymer
swrdling, leating 1o less fragile and more flexitie matenak. Moee In-
formacion was obeained fom FTIR spectra | Fig 4) where peistine i
and polymes were compared to 1Cs. Bord vibratons comespoading
to BMIM TFS) K were cbsesved ot 1465 om ™' (CH, sansoring bend-
log), 1350 om ' (SO, antigymmetr stretching + C-S0:-N hond-
ing), 1229 cm~' (CF vibestional stresching), 1133 am ' (S0,
Symimoteic strosclisg ), 1048 em ' (S-N-S ssymmetric sentching),
792 e |C-S 4 S-Nostretching b and 738 em” ' (CF,; symymetne
bending + €5 swetchingl. On the other haod, and due o s
semi-crystalline nature resulting from the folding of polymer
osowers oo Crystalline spherdite structores [49,50), P(VDF-co-
FEP) presented (we types of vibratomal modes: amorphous polar
|\-phase viteations at 1904 cm ' [CF, astisyrumetric stretchiog |,
B2 cm ' (Cry aod C—C symmetne stretehing) and 838 cm ' (CH,
bandiog), and crystallins non-polar o-phise signals ar the wave-
length of 796 cm ' (CF, stretching) and 760 cm ™' {CH; banding)
|53,52]. Inthe K. membranes, the peaks coming from BEMIM TFS| 92-
mals became more interme when increassng the IL conteot i the
Basting X VOF-co-HFP). I the case of vibrational modes assoclatod
with the polymer. those assgned to the {~phase remained peesent
Io the FTIR spectra, while thiee comespoading 10 the crystallioe o-
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phase disappearsd Hter addeton of L Ths resels suggested a change
in the morphology of the VDF-co-HFP) malr i, bosing par of its
crystallimcy and beooming more amorphous by the incorporation
of 1L wolecukes In this sense, the aAKion of ILs may provoke woks
o cavies amaory polymer chans so that spbem lites were o losger
formsed, lncreasing the Nextiiny and elasticiry of the polymer Jod
reduning hight scattering sycoated with these lighty dupersive
Crystafine Snacrures.

The loode conductivry of e |Gswasderenmined by EIS foriesdirect
rekstiormsdnp with Ure electrochemical performance of the sysvem. EI5
pectra showed two consecutives semi-ciredes (R Sl ) which asuci-
ated to processes takiog place in the electrode-membraw interface
and membrane, cespectively. Accordagly, EIS data were foied with
the equyvakent circunt Bustrated B P 5 b), contaiming: paraste resis-
tance assoied to the contacts and the electrode material R: dye com-
puaees of the elecrode-)G laterface (K aod €, for the inteiface
resistance and capacitance, respectivedy s and the elecncal paameters
associatn] with the IG, namely the )G reslsuance (R ) the IG Capacitance
(€ ) and consrant pltdse element | CNE) asonciaced tn mss panspon
processes in the G stnscoure.

Tonic conductivity of IGs witt diffiresc T concent (Xwi. of BMIM
TP Flg Ga)) was estimated from &y, snpedance as detatberd i previ-
ous cepat 51,54

Tonk condectivity of gef dectrofytes is commonly studied by EXS
wing standand elsctrochemical cefls. where the samgles are
samdwiched Setween (he clectodes. Howover, in some ceses this ex-
penmental setup can modify the thickness of the oatend affecting
final conductnoty vahwes Ti aveed thes problem saeen-printed elex-
trodes are uned, since samples are placed no the top of the electrodes.

L e ) ‘ e L T sty b O M Sy,

Price their use, the corresponding ool constant was cakodlated for ths

Eig 6 h) shows a insw decay of the inverse of the IG cosduaivity
{resisenity ) with the 1L conoent until reaching a valoe of 105 misom
A9 L 0 agreement with Uhe expected conductivity of 1L wohitiom
1380 mS/an ) [55], The bacrease of condhuctiviyy wias assoclated to two
main factoes: 1) the incnsess im the cuscentration of inme species from
the il and ] the decrease in the number of aystalkne deaans of £
[VDF-co-HEPY) polymer that hinder oo mohdiry ad cenductiviey of
e K3, These processes, hovwever, did mot explain the high ncnesse =
conductvity observed In the samples batwesn 56 7% and 905 of BVIM
TESL I thex caoe, an additunal factor infloenced conductvity which
woas the Impossitlity of the polymer macnx o retain moee M nside
1ts cavities. Thus, the concuctivity magniude obtaimed in this last cse
coukd not be assockated to the K tut to L alone.

I siavumarny. optinal K0s properties (ie. opecd, datnochavical and
mechamcal] were cbtaned after lnading with 8532 1L This propertion
ek aserd in funher optieseations of the IG foosu lition,

32 deftvence of 1L compositien o apsiool, mechanyd and decnm chemicd’
Jroporties of K

The influence of the & compostion on 1C properdes was evaluamnd
by combining different cxion, Le BVMIN Ny and Py, and
anios molecules, Le. TESL P, and BE, (Rg 7 a}, af containing the
samme mokar ret o compoeed o K formesketnd ot 8335 of AMIM TS Re-
sults are summunzad in Fig 7. Thess was a dear comdaton batween
optical and mechanical properties unce KGs with more opacity were
also qualitatively more npd and bnttle. Two formrslations showed 3
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trammiltase below 400 and sorme nipdity, e, BMPyr THEand BAIM
EF,. In the B3t case, BNIPYT may have a pooser platiczer effect than
ENMB, used o the maodel [, whilke the other carions presenced Sonilar
progerties. The differreces were moee evident aad reasenable when
charging the adon. The transparency Increased with e ankoo sixe

—50 % BMTM TFS1
e $3.3 % BMMMUTYS)
%0 % BMIM TFSI

— A VDF <o-HFP)

—— BMIM TFSI
|
1400 1200 1000 800
Wavenumber (cm ™)

Pig & TTI owerrd of puaw BN TTS gaw A V<o BT, 2ot i = & Twevs wii g
e IGTES
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CTES < 1 < 1F, ) whach stivibioted 0o 8 boss of cecher in the polyrmer
chain Qualitatvdy, slasncky a0 impeoved along with the anion siae,
Lape molecules Bonrporaced i the polymenc mardy minumize poly-
mer chain interactoes and the formation of erystalboe structures. re-
ducing is rigdity and avolding the emation of MNghly-dipersing
partiche: responsble of pobymer opaciey. BF, vas 100 small to prochxe
these stractaral changes, redting & opaque and righd ICs

Tho difforens I compositions 210 affecnnd the dearchooicad poog-
ertes of the IG membranes. 1o the elecemchemical wandow, The elec
trochanicd window wies determined as the dilfvence hitwesn the
reduction and the audation potentials fram CV at the scar rake of
10w/ aoe Fig, 52 in supplementary inBomation) that detaneines
e maxineen porental fangy of ogevaiion of e SlaTmchs o
system

100G, the errochemical window & bmited by the sshintion of e
cxions, and the oodation of the antons of the 1Ls, Large electrochamcd
windhows Betaven 2.7 and 3.2 Vws Ag ALK mere oteained i all cases
Ehanks to the electiochermical stabibty of the used coompoueds. The ox-
a0 oe Remins shatlar values than the sedoction ones due 1o the stimilaly
low dectron-donee character of flumnmated st reypoesabie of the
oaddation poeencial (TESL BE, , PFE, .

Regarding reduction pofentialy, when nbatityting the quaternsy
amines by aiod chaains (9, o, BT, N o) the dectrochemcdl reduc-
ten stonitcansly shifted to higher values and can be Xtribuged to 2
pocoer electrun-whdrawing effect, The ombinabion N, TF51 pro-
vided the Langest redaox poterciaks,

Condoctiviy valoes for the diffierent |G focmudations veere obtamed
froem the inverse of the magnitode of the &, IS spectrawhen chaoging
aesion and cation concennations ded the findl conduccivity magnitade
ae tllugtrand in g 8. I genesal, all presented condotvities in the
rage Detwern 0215 mS'cm and Q846 o8 o, whilch suitadle for dl-
solid and flexitle dectrechemical apphications. The influesce of the
avhon in 1G conductivity was kow, and anly B, presented 2 notceatie
increase N the cenductivity magnitode which asseciated 1o g5 sl
size and hugh mobdity » the 1G matnix In the case of cmbona, it was o
cloar conelation botween tywe IC condoctivity and chat of the pnstine
TS CBNIOE - Ny o BN PP L Ths, PP the one withs the begest
size and less motibey, presenied lower conductviies,

Thue, the MVOF-co-HIP) -bawed X dopes) wath 795 1L contaming
N, ;o0 TS was sedected 2s the opoimadt X3 Sormvdanoe in the procdhction
of Bexible chaplays for proamtng the hghedt travspormcy and et ro-
chemical window, whik snantaeing an acceptable conductivity, Note
that 79% of N, 1o TFS membeanss contans same malar coneentration
tham B335 of HBMIM TFSHin K

17 Pote-eletrockrome dephy hbvsotnn

Alow-cost two elactrode digplay wWas pee parned as 2 pracf-of<oocept
by incorporating the well-known photo-clectrocheomic spiropyran
makecuke [41-44) on the peectos K TEMINO modeoule wis 2l added
s redox mediane to redoce de magnitude of the apphod patergal nes
cxary ro achieve the celor change. To evalaes the phatochramic and
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dectiodromic capadty of the G, & was plced between two Seable
TO-coatix] FET ebectrod es. An imital photocheome stody demonstrated
that spiropyran in the IG matrie respondnd o cptical stimeli (UV Hight
radistion) kading to the photo-somerization from the spirocydic
Toewn [ecdaress stare, OFF, 59 Romer ) 00 15 fng-opes of Mencydnine
Lsomer (pak cotey, 0N MG 1Som e, dond sobeaquent secovery e [ima-
dhation with visible ghe Similardy, the electroduwomism of the system

s a0 ex plored and it was found that the applicauon of 22 Vporentiad
m & two electrodes systemn (besad on tee standard potental of
piropyman and TEMPO, (le -1 2V and 030 ¥ vs ARAZCL sespactively )
was meeded to produce the dsange of color in the IG from transparern: o
pisk-crarae by e redution of SP o and the stltmegquent
electroinduced ring-opening o the MC kem [P 91 Mechansncaly.
the SP form 1s reduced on the cathodk, Jeading to focmation af the
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open-neg radical anun, MC) Smultaneoudy, TEMPO was oxdized
on the mode Homeg the corresponding cabon form TEMMO S Bothy
spacies, [MC] ™ and TEMIPO ', diffuse from the respective elecrodes
through the sl trolyte Liver to the buko matenal Feergualy TEMMO '
was wpontaneously regenerated due to the #lactron transfer rextion
wih [MC] 7, The axidation of [MC] " after e homogenous sloctnes
transfer bed to the open or merocyanze foom MO whach resulied in
aninteose ceange-prink cokranon. The ME form was ety coomavertad.
l‘n;g the trareparent state, SP foem, upon uradiation of the material at
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4 Conchslons

I sumanary, an cdnastive study ts presemed oo POVDECo B3 IL
tueed s, i which the e omprones] foemmdation perfectly oercome the
main issues of typical solad whectrolytes for electochemica appiicatioes
and more espertaby for cpto-dectrochemial devices Airstly, proper $r-
mmdatioes of K5, partoukety, bessc on BIM TS (B335 wt ) and N, 0
TR achieved hagh looke conductivities, 3 wide clectrochemical windomw
~ for higher ceman g ¢ bectrockemecal applications- and exoelient rheo-
bpcal properties, such o good ronsstency. fecbiity, tansparency, and
slasticity. On the icher Tand, we denuwstraeed that Che pessilelicy o eds-
lydmuu’rltmm owing to their good chermcal coerpatitebity

alows theie use for lather applcatioes © be expandeal.

Eventually, we demonstrated the fanctionality of foemulated 105,
showing the perfoomance of an opto-<lectrochiremic device construted
Fedlormiag simple Lccacion stops. This pesol of conoept s wd s estaby-
lish and test the compatiility of improved IG formulanons with the
wadlknown spiroppean s phatee b cochiome

CRediT asthorsdip contribution st oosal

GG conceptuailzad the nesearch togic, conceved and destgnad the
experieenis: S5 perkoom the expenmesss $ 5, XM-B and GG aa-
Iyzed and imerpreted the results. 55, XM-0. and G4 pepared the

MRt AT athioes corsectnd the dralt, GG obnaied U fands for
the research.
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Screen-Printable Electrochromic Polymer Inks and lon Gel
Electrolytes for the Design of Low-Power, Flexible

Electrochromic Devices

Sara Santiago " Miguel Aller™ F. Javier del Campo,”™ and Gonzale Guirado®'

Abstruc: We have developed clectrochromic inks and
elecirolyte muterials to enable mass production of flexible
clectrodhronnic desplays (ECDs) snd ogher optoelectronic
devices by screca panting. Hore wo present o new scroen-
prntable wak isorporating clectrochromic polymer, poly
(3.4 progylenedioxythiophene istethylbexyloxy), refer-
red 10 here w ECT-Magenta, aod aotimony<doped tim
oxide (ATOVHIOL) partcles to facditate electron trans-
port. Thes dispersion m 0 PIVDF-co-HFP) baxder feads
%0 the fomation of & sew clecteochromse ink that s
suzlable for screen printing. This stralegy opens the door
0 the preparation of smilar ekectrochromic inks hased on
other argunic or palymenic componnds. This appeasch s
scalable and G applied 1o @&fferent Helds. Ton gels (FGs)

composed of PVDF<oHFP) and rocen lemperature
onic lgusdks (RTILs) ure promssing solidstale electrs.
Iytes with high jonic conducsivity, Dexibility, ebastxity and
eco-fnendliness, The ebectrochemscal features of dilferent
won gels were analvzed as 2 fuadtion of compositeon and
mature of the ionic liguid. Hence, new formmulations of 1Gs
were developed, evaluated by Electrochemical Impadance
Spearoscopy, Cyclic Voltammetry, belare being incorpo.
rited mio ECDs The electrochromie performance of
ECP-Magenta mk combancd with the RTIL-based 1G was
evitluated by terms of spectroclectrochemisisy showmag
that fully fexitde ECT operating o voltages below 1V
can be sereen-printed.

Keyworde Electrochrommsn - ECP Magents - lonzel - Ssreen printog

1 Introduction

Eletrochromic (EC) materials change colour upon the
application of 2 carrent or voltage [1]. An moeasing
number of reports fucuses on the development of edestro-
chromic devioes (ECD) such as dsplay paneb 2, EC smart
windows |24 and senglasses [5,6] Theme ® 2 large
esumber of electrochromic materials that can be dassfied
mio three mmin growps: inorganic meelal oxides, small
anganic modecuks and polymene matenals 10is impartant
f0 note that usually yoltages between 2 and 3V are
pocded moonder o readh Mull comirast an ckctrochronue
devices. The use of high voltages requires caution with
pulse kagths to avold degradanon. Hemee the design of
low-power deviess, which can be switchad over i useful
range of opical tramsmessions usmg vollages lower than
IV 35 highly dessrable, In thes work. we report an
clectrochromic device based on polymeric matermls
where the sageiing voltage s considerable smaller than
that required by other salid-state EC devices reported 1o
date [7-9).

In thes sense, comugated polvmers. have beea the
subject of many stdies in recent yeass as electrochrones
as a resalt of the fessehibly of customizaton of physico-
chemesul properties sech as cofosr control theouph sseric
and electromie effects, solubily m common solvents,
reversibility, maped switching times, and high coloar
contrast [10]. Amoeng conjugated polymer electrochronses,
poly(3.4-akvicncdioxythophenss) bave gained sipmficant
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attentiom a5 2 sesult of thar abihty 10 switch botwesn
vibrantly coloured states and highly transmissive states
seconds or less, and their loapterm swiching stability
[11.92].  Polyi3&-propykensdiosyihiophene)  denvatives
can be regiosymmetrically disubstitated on the propykac
bridge wiih o range of funcbonal groups to afford hugh
solubility in commea organic solvents while stdl maintain.
ing exceptional switching propertses [13, 14]. The ckectro
chromic conddecting material used m this wark which, for
convemienoe will be referred 1o &3 ECP-Magenia, belongs
o thes ¢lass (Figure 1) The polymer exlnbats an micns
and vibrant magenta celour in its as cast, scutral state and
becomes trapsparent wisen it 18 oxihized, Thus resulss i &
high colour coptruss exceeding /% [12.15],

The constructzon of solid and flexshle systems = o Key
current trend m the area of cktrochromic devices, but
processes for their mass production are scarce and costly
[14,16-18]. Mareover, despite the efforts made 1o prepare
saluble conpuezated podvmens that ficilitate their process-
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Nt state
Fig. 1. Midecular structsre of ECP-Magemta polymer,

myg anid e devekipment of elecirochronme applicalions,
smultancowsly achxving adequate codor propertes, high
pedarmance and good solubdlity remains a challeage
[19,20]. Besides, conjugated palymers can be synthetically
modificd o be kghly soluble m a vanety of oegamic
salvents, but their rheologic properties are often unisuit-
ahle for coating techniques such as screea printing unless
addatives are nsed, which can adversely affect the electro-
chromism of the resulting coatings Here we present a
novel stratepy 10 (ormulate screen-pemtable electrochro-
mic mks. demomstratmg is proof of concept usang 1he
conjugated polymer  poly(3 4-propylesadioxyimophene )
(ECP-Magenta ). which maintuins the native electrochro-
mic properties of the ongisal ECP.Magenta polymer.
Screen-printing enables the dessgn and itegration of cach
af the compoaents of an ekctrochromes deviee in
streamlined aex) cost-¢ffective process that can be adapted
1 a wide varely ol subsirates. This methed bas beea
widely used for the construction of prnted and pattemed
conjugated podymers for solar cells and light<mitting
divdes [21-24]. In hine with previous reports [25-29], we
propose the wse of carrier condective  metal  oxide
particks dispersed i g resin binder, with the novelty of
mcarporating the ECP-Mageata polvmer as the clectro-
chromic coating. We have investigated the wse of ant.
moay-doped i oxide microparticks (ATOT0,) as a
conducting light.colouned matenial for use in spectroclec-
trochemistry [30]. This allows not only to ohserve the
cokour cliange of the clectrochronnc compouxls, el also
it & a less expensive material than other typical metal
oxides as indium-tin oxide nanoparticles {ITO-NP's)
commuonly used. Despete the clectnochromsm that ATO
microparides cin show, m fos case. due 1o the low
potential at which ECP-Magenta is oxidized, the change
m codor of ATO micropariscles does st o<var,

1o adkhition o the electrochromic polymer, the electro-
Ivie is aninther key device component providing o source
of wms for charge-balanaay and curent  lransport
purposes. Polymens gel electrolyies are prommsing edec-
trolyte matenals due to their low cost, non-volatility, and
kong term chemcal stabality [31,32) However, only few
zel electrolytes show safficiently high ionic cosductivity,
n the onfer of mSem . Among the possibke candklates
that can be used for flexible ECD, some of the awst
promising are xon gels (1Gs) [13.34] simce they show high
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conduoctivity and large electrochemcal windows |35), 163
are solid clectrolytes composed of & copolymer and 2
room temperature tome liquid (RTIL). RTILs bave
became the focus of muny studies due o umigue proper.
ties suach A moderate ome conductivity, son-texiciry,
thermal stabiday up to 300°C. ekctrochemical stabslity
and Jow volatility. The resulting clectrolytes exhibit
suitable features for ECD fabricstion such as trans-
parcncy, clastiaty, flexbilny and high wonx cosductivity.
1G5 electrolvies can be cut and laminated on layers, but
ey can even be scroen-prnted, This coabics 3 very casy,
streamlined fabrncation of ECDs where all componcnts
are flexible [36-38].

In the preseal work, we have synibesized 1Gs hosed
on P(VDF<o-HFP) with suffxently hgh rons condactiv-
ity to serve as clectrolvies in ECDs. Although the use
altagether of K VDF.co-HFP) with imidarolam ionic
Hyuids & wellknown, a far o8 we ane aware hs time
where a systematic study of 1Gs clectrochemxal proper-
ties is fanctioe of the I nature and comcentration is
performaed. FOVDF-o-HFP) bas a kigh diclectne comstant
that helps wonie dissogation, and we have explored the
mfluence of wing one of the foBowing ILs (1-ethyk3-
methylmtazolium s tnflucramethy s ulfoay ] limmde
((EMIM]|[TFSI|), 1-butyt-3-methybmadazolium  bisiini-
fluoromethstsultonylfimide {(|[BMIM]J[TESI]), 1-butyt-3-
methylimadazolivm hexafuorophosphate bistrifluorcene-
thylulonyl pmide ([BMIM][PF,]). and 1-butyl-T-methyl-
imsdazoliom etrafluroborate (( BMIM]|[BF.]) a ditferent
weiaht rutics (from 1:1 to 1:5) on thetr conductivity and
eloctrochemical window.,

Through the wse of the screen printable cheetrochro-
mic mk foemulation developed here, and the chowe of an
appropnate oa gel. we domonstrate the construction of 3
fully screco-printed and flexible ekctrochmome deviee.
We befieve this process can be further adapted 1o a wide
variety af comparable conjugated polynsers for various
other eloctrochemical devices, which nol ealy provides an
mexpensive and raped abrication route 1o peoduce highly
customzed ECD in the Iabaratory, hut which can alsa be
trassferred to higher volame production environmsents.

2 Results und Discussion

21 ECP-Magenta Ink Formubation aad Structural
Churacterization

A dupersxon was fommed by somcatmg f mL of o 3 mg
mL solunoa of ECP-Magesta and 1g of ATOTIO,
parteles i dichkromethans (CH,CL) tor 15 minutes.
The solvent wus thea allowed to evapomte at room
tempernture. The resulting solid (ECT-Mageata@ATO!
Tik) was ground into a fine powder and then di

mn » resin binder consisting of PIVDF-co-HFP) polymer
dissolved at 15% wt. in dimethylpropyharea (DMPU).
The ECP-Magents@@ATOMO -t0-binder a0 was. ap-
prosimately 1:5. After thorough miving. a smooth paste

Evtroarayw 2019, 31, -9 _2
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Fig 2. 00 b} SEM images of ECP-Mapenta ink Gles. ) Sample of ECP-Magentaink

was obtamned that had a saitable consistency to be used as
ink for screen printing with good elasticaty und flexbility.
Figure 2 shows SEM images of stenciled films of ECP-
Mageata mk. A bomogeseous distribution of the mk
compooents can be seen in Figure 28, A closer ook 1o the
matern! reveals an amorphoes and porous structure
(Figure 2b). PV DF.oo-HFP) polymer leads to this porous
marphology and faalitates son diffeson  throogh the
clectrochromic  layer which may bhe related to the
enhancement of its electrochromic propertes.

2.2 Flectrolyte Formudation and Electrochomicul
Characterization

Drae to the low solability of ECP-Magenta in water and in
mast orgapx solvents, the we of oo gel nembranes
(IGs), as clectrulyle, seems to be very atiractive. In vur
case the wse of podvivinyidene Maonde-co-hexaflworopro-
pyicas)fonic liguid based ion gels is the best appronch for
bailding the clectrochromic devices due to not only the
chomscal stahifity of the ECP-Magonta® ATOTIO2 par-
teles m the jom gel membrane but afso the stabiliy,
chenwecal resstaace and mechamcal strength offer by o
Hemce. a mew approach based on using [Gs and ECP-
Magenta as clectrolyte and electrochrom, respectively, is
explored in other to design low power devices with bigh
latipue resstance properties.

fomic conducnivity of IGs The phvsical apd chemual
properties of synthesized [Gs facilitate the fabrication of
EC devioss by streen pranting as well 55 a full cosstruction
of EC devxe mn solud state. Conductivity of pare RTELS
[EMIM][TESI),  [BMIM]|TESE),  [BMIM][BE,] and
[BMIM|[PF,] as well 55 1Gs prepared at dilferent weipht
ratic of ILs mentioned above have previousdy been
explored by EIS at room temperature using miterdigated
clectrodes. rusponse of AC impedance of [Gs using
interdigitated electrodes with o ssmple equvalent circuit
[39]. Here, conductivity of 1Gs has beea determined
compariag its AC impedance response al imterdigstatod
godd mwroband cketrodes [40], The cquaalent circurt
conasted of & aomstant phase ekmeat (CPE) an series
wilth & resstance. Ks representing the bolk electrolyie
resistance, whiks the CPE represents the electrodel/clec
tralyte interface. An additional CPE could be coasidered
m parallel 10 Rs, related 10 the bulk clectrolyte rebaxation

e el e oana lyys wiley woh de
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process [34], but thus coatnbution was consilered pegh.
gible in the experimental freqquency mnge. The exper.
imental and smubated dots fs well mdicatng the valdity
of the propdsed equivalent cireuit (Figure 3,
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Fig. 3 Bode phot, Geowral behaviour for stwdies ehecirohtes,
Square symbils coerespond o experimental data of 1G P{VDF-
co- HFP - [BMIMJ[TFSE] ot a weight rato of 115 Red arcles
coersspomks 10 fitted data from the equivakent aeout.

YO0 e

Ibe magmuude of the clecirolyte resistane was
estimated from the Bode plot ot high AC frequencics,
where the main mpedance contnbulion corrasponds
the elecirolyte resistance, because |71 does not depend
om the frequency signal st high Irequencis.

Results tor each stalied electrofvte are summanzed in
Table 1. When a RTIL 15 mcorporated mto the P(VDF.
co-HFP} matrix, the aomdoctmity of the resubimg [Gs
gradually mrease until they reach the joeic assoGalxm
pomt. Beyond this, conductivity decreases a5 more RTIL
15 added due 10 the satumtion of xns al high coneen-
tralsons. Nevertbeless, there exsts a compromise between
thert 1omike condoctnntes and their rheological propertics
ance low contest of RTIL leads to a more ervstalline
electrolyte with low conductivity. When RTIL is added 10
the polymer the membrane beconws fexible and ils
conduectivity increases. Al higher amounts of RTIL, the
resulting 16 beconses less mechanically consstent

BlaToonolyss X009, 7L -9 8
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Taie 1 10 formudsdion asd combacevities.
Sample PIVDF«»HW) 1 weight gtk Loﬁmlmy 4m!uml
|EMIMJTES]) - 8,490
PIVDF-a1-HFP) - | EMIM|[TFST| 11 0
ANVDF-co-HFP) - | EMIM|{ TFSI 1:158 (XL}
PIVDF-co HEP} - [EMIM[TESI I:5 0462
[BMIM[TISIT) - 3,40
PIVDF-a-HFP) - [BMIM|[TFSI 1:1 {68
PVD¥F-c0-HFP) - | EMIM{TFSI| 1:3.5 (RS
PIVDF-c0- HFP) - [EMIM| TSI 1:5 1,104
[BMIMEBE,| - 370
AVDF-a-HEP) - [BMIM|[BF | 1:1 1467
PIVDF-a-HIP) - [BMIM{BE, 1:15 LX)
PVDE.u HFP) - [BMIM BF.I 1:5 0,086
BMIM[{PF, - 2.0

\'T)F -arHFP) - [BMIM|[PF| 11 1),20
P VDF-co-HFP) - [ BMIM I'F.l 1:35 0,138
A VDF.c- HFP) - | BMIM[PE, 1:3 1N

For this reason. the 16 compesed by PIVDF.co-HFF)
~ | BMIM]|TFSI] ar a weight ratio of 1:5 5 the oo used
for the following spectroclectrochenieal study sipee i
shows & sulfxwent ome conduactivity, Transparency, fexe
baity. and the possibility to be oat and stick or even
screen-prnted. This formufation allows us ta screen print
an clectrolyte Eyer. kadmg (o o smple (abncation
process,

Efecirochemical windows. 1Gs were explored by ovelic
voltammetry 1o demoasirate that the electralyte is elec-
trachemically stable in the voltage window where many
vlectrodhroeme polymers are swikched. Figure 4 shows

ts A A A
FVOFaNFr - EUNTYEY

$39  —— FVOFCobFEP) - JENFF )

> POOF<cxAPT - PUNTTYS]

—m.u«wr)-mm.)

Curert (mA)

o

2 A H Y
Potentis (V) vs AgRgCl

Fig 4 (gcmr Voltaumograms of svveral 1Gx ot S0mVis, Scan
V-1 Vll SNV

cyclic voltammograms of 1Gs coatammg [Ls at a weight
matio of 1:5 and at o scan mte of 50 mVis. The electro
chemscal window of 1Gs spass from -2V 1o +2V v
SCE, bound by the reduction and oxidation of the RTIL
anion sl cation, respectively.  The  electrochemical
window is wide enough to be used as eloctrolyles in the

— [ a———
v ¥

o e
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fabricativa of ECDx. These results establish that the
formulated 1Gs ore electrochemically stable for ths
applicaten, since the pndation of ECP-Magenta oocurs at
ar 03V vs Ag/ApClL

2.3 Electrochromic Properties of ECP-Magenta Ink
Using PIVDF-<o-HEP) = | BMIM|[TFSI] 24 » Weight
Ratio of 1:5 as Electrolvte

Handmade screen-printed clectrodes were unsed to ex-
plore the performance of the clearochromic ECP-
Migeala pastednk vsng 1G edecirolyle. Fabnicatson and
charactenzation of handmade screen-printed electrodes
has been previously repoeted [41]. Electrachromie proper-
ties of formulated ECP-Magenta ink were explored using
sample of [BMIM||TFSI] a5 1G electrolyte at a weaght
ralx of 1:5 (MVDFvo-HFP): [BMIMITFSI)) since it
has shown eoe of the highest conductivities as well s
good transparency and flexibility. Similar results were
fourd for 1G-[EMIM|[TFSI]. sugpesting the possibility of
usang 1t as elecirolyte isdistincily. For thos study, the
resultg ECP-Magenta mk was stenaled covenng the
warking electrade, and the 1G electrolyte was cut and
placed covermy the counter amd working electrodes (Fig:
ure 5

Cyclic Veltammelry Experimenty. OV wes used 1o
determinate the redox potential 3t which ECP-Magenta
ik switches between its 1wo coboured states. Figare &
shons CV curves of ECP-Magenta ink using 1G.[BMIM|
| TESI] as electrolyte at 2 scan rate of 50 mVis, Heoce. for
all the experimenls scin range used was from -030V o
060V ve AgiApCl. saxe ECP-Mageala shows a singk
revershle peak (£, =030V and £, =020V v Ag
AgCly. Note that the electrochemscl oxidativa poteatial
of ECP-Mugenta ink in flm using 1G.[BMIMJ[TESI]
electrolyte is stightly shifted to 03V dwe to 118 eloctron-
rich character. Fipure & b shows a lmesr relaticeship
between the anodic pesk curvent density unxd the scan rate
from 5 mV/s to 200 mV/s. This is consstent with the fact

Blectroanciyss 2009, 10, 7-v &
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I-Ag wecks 2.Caloctrodes 3. Mogento ECP

Fig, S Flhndmade clectrode fahncation by soreco-pristing,

—EC-Mganta ink
04 === -Bank

104

D4

Current [A)

104

204

a4 D2 0D 02 04 08
Potential (V) vs Ag/AgC)

" A

4 i L
L
pLE o
- 30 -
; .
i %4 -
> 4 » L
-
12 4 -
= .
1 104 . L
}
o . o
. b
1 -

M T T T T T T

a w 1o L P

Scon rme (mivis)

Fig, ) Oyvelae Volt of EC-Magema pasie\uk wang
TG-BMIM [TFSH] c cloctrolyhe (solid Black Tine) and Wank (red
dashed hac) b) Cusreat Inieasity of anodic peaks s a facton of
the scan raty

that the electroactive compound is fixed on the electrode
surface, unabk to dffuse, the Randles & Sevék cquation
tor diffesioncontrobksd systems s mo kiager valid. Thss, o
moslified equatson for describang thin-film cvclic voltam-
metry processes s used. The relation between peak
current and sean rate 5 given by cquation 1:(42)

werw electraanalysis wiey vehde
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4 - Dialaciric

I, = o'F'Iv/ART (1)

where [ is the total amount of active speces mitially
present at the electrode surface. According 10 this
eguativn, peak curreats showmg o linear dependeace
between peak curreat densaty and s rate prove the
formation of well adhered polymer films and aon-
diffusioa controlled reversible redox processes in this scan
rate range

Spectroclecirockemionl smdy of EC-Magenio lnk
wsing p(VDF-co-HFP)-[BMIM][TFSI] @t @ weight ratio
of 1:5 as dectrolyre. ECP-Magenta ink prescats two
stable  slates with different electrooptical properties
resulting from 1he ruversshie redox reacton {Figure 7).

sle”
de”

Fig. 7. Performance of FCP-Magenta using state wang G-
|BMIM|[TFSI] as electrolyte befors (leff) and after (eight)

apphying 04 V.

The UV.vis spectra of neatral ECP-magenta ink shows an
intense absorption band at A, ~ 528 nm (Figure 8), which
ts i good agreement with previows reported data [15]).
This strong atsorpeion in the visible rnge originates from
the polvmer's x-a* transiion. Electrochemical oxidatxn
of ECP-Mageata keads to lbe formution of charged states
along the backboae (cativa radical and dicalion), where
light absorption & transmoned 10 longer wavelengths,
vatside of the visible region, with & concurrent koss ol
absorption from the a-n® transition. The  minimum
oxidation potential. £, at which the EC-Magentn is
reversibly oxidized, was desermuined from the voltabsorto-

gram shown mn Figure 9. VoRatsortoprams show the
transient reflectance change at a specific waveleagth in

Aarroasclyss X009, 7L T-9 5
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response o o voltage sweep. From the voltabsortogrum
the maximum change ia reflectunce matches the anodic
peak from the OV at 0.3 V vs Ag/ApCL To evalwate the
contrast and casure complete conversion between the twa
states. the film was switched between (.30 V ovs Ag/ApCl
(colorless) and 01V v AgAgCl (coloured). Color
wontrast was estimuted by the dilference in % between
the reflectance value at A, of its newtral and oxidized
state which mn this case was &0,

The eycling stability (fatigue resstance) of ECP-
Magenta ink performed using [BMIM][TFSI] 1G s
electrolyte, was evaluated by chronoamperometry (CA)
measurements and recording its reffectance UV-vis spoe-
tra ot S50 nm i sitw. The electrochromic parameters are
depicted n Table 2, Switching colour between the 1wo
ECP-Mageala states were explored by applyiag 0.4 V and
L1V for 55 ot exh step. After switching 500 cycles
colosr comtrast dexreased approxmately by 20%, The

s FLE Vgums r fm i 1w P pecanon
w 4 A ™ A A A A A

Refctance (5}
¥

S

-10 v Y M v
ax 00 &0 o 300 L
Wavelenght 2 am)
Fig 8 UVAs reflectancs: spectrn of EC-Magenta pasiefink in its
neutral mnd axidized state ming 1G-[BMEM| % chectrohvte,

24 02 L ” as on

Cwsvntive surm of Refectarcs (%) m S50nmyat
- s o
- -

Fig. Y. Yoltoabsortogram wd overtuyed ovolic voltummaogrum of
FCP-Magenty ink wsimg 16| BMIM|[TFST] as eleanilyie.
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Table 2 Eeetrochnoma: 7 aof BC-Magesta ink usay 10-
TEMEMIITES] as choctrodste.
Cyees AT(%) T.(5) To(S) a0OD  CE(emiCh
14 % 2] 12 LI &%
40550 0% W e A -

i o5 1o sekeet the mimmum poteatial a8 which the color
change occurs w ensure o finol device that couldd wark at
2 potential below | 'V or less. For this reason, the contrast
decay may be refated to the narrow voltape window we
applicd. The resposse tune is detined a8 1he time regoired
for 90 %, reflectance change in the bleaching process (t,)
and cobowring process (), The respoese time is about 25
and there is oo spgmifican! change on ils value after and
before 500 cycles. (Figure 10) whxh meets the reguire-
meat for most electrochronne devices (0.1 511 5),

Coloration efficiency (CE} is defined as the change in
aptical depsity (AOD) mduced by unit chasge density, CE
15 calculated from the equatxns 2 and 3, where Te and T
are the transomttasce or refiection values of the ¢cokred
and bleached states, respestively,

04
03
nz
01

po|] VW e de 2

Ptnted (V)

Hrdnctance | % ol S50nm

Carrent ()
°._
s
1
|

LD
]

0 1 2 3 4% apt Aps 490 50
numters

Fig. 1L Applied putential. chronoas and traosuittance
al EC-Magenta ink usang IG-{BMIM|| TPSI| a5 electrlyte.
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40D

CE = i) (2}

A0D = lk)g(rs' ..) (3

The calculated CE values of EC-Magenta wang 1G-
[BMIMJ|TFSI] as clectrolyie is 4% conXC which is in
agreement with other studies and indicates that Eitle
change 5 needed to produce a measerable color dhange
[43]. These results saggest that these new materials
perform well and are promising canxlidates for application
1 flexible ECD.

3 Condusions

A novel screen-printable ink based op ECP-Magenta has
been suocessfully fornmbkated using ECP-Magenta. ATO/
TiOy napopartcles, amd o P{VDF-co-HFP) bmder. The
mk films showed signdicant colour change M ow
potentials (0.3 V v Ag/AgCl) m comparson with other
ckxtrochromic compesite films or ik formmlation, Be-
wdes, this pew ECP-Magentn ink exhibits higher optical
contrast values and coloration effickency. Response lime
for bheachmg and colouring is - 2 s whath con he impmoved
by optimizing the thickeess of the Hlm. Note that the
formulaiion of the electrochromic mk 8 compatsble with
e e of “eoo-foemd V™ flesiblo eloctrodvies. such as
RTIL-1Gs. Besides, this strategy wil enable the formula-
tion af further inks wsing different organic clectrochromic
compounds. All thes: features, speciolly 18 low potential
al whch the codoar change occurs, emable 10 we this
material in the fabrication of smart devices, such as
Nexsble displays or sensors. In the Gise of sensors. thanks
to this formulation, they can be wtally manufactared
using screen-prnting technnlogics. Thas, the wse of this
Jow-cost, easv and reproducibie metbodology for & mext
generation of deviees hased on this msaleral s poteatially
available.

4 Experimentul Section
A1 Marerinls

Paly(5.4 propylesedioxythiopbene | bis(ethyibexyloxy) or
EC-Magenta polvmer of 15kDa, was wsed as the EC
material on the active layer and Kandly provided by The
Reynolds Rescarch Growp. EC-Magenta was syathesized
according o previously reported procedure [14]. Toluene
(92 %, Stgma-Addsch) was used 10 dissolve EC-Magenta.

Polv{vinyldenefloonde co-hexaflooropropyleney,. P
(VDF<o- HFP), with Mw « 400000 g/mol was purchased
from Sigma-Aldrich and wsed as received. Tomic Bquads,
|BMIMJTESL), [EMIM][TESY], were parchased from
Sobwonse and stored under dried conditsons. Antimomy-
tin onile partides (ZELEC 1610-5) were kindly provaded
by Mdliken Chemical Compaony. Zelec matenals by
Milliken proside costeliective, stahie-dissspative perform-

wivivshectrousal sl ep wh de
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ance tor coaungs and polvmers. They are pon-volatik,
non<orrosive.  amkd resistant to Beat, chemicals and
homedity. Zelee emhonces quabty and  durability by
imparting resistiviy throughout the lifctime of coatings,
paints, and securily inks and electronics products. ITO
nopopariicles wore purchased from Alfa Aesar (ITO
Namotek, ref, $4927),

Screen pented ekctrodes were bamemade and used
for the spectroclectrochenucal and electrochemical char.
sterzation. Carbon 1ak (C2030519P4) was used for
working and couater clectrodes and sibverisilver chloride
(CHI3FT) sreca printing paste for reference electrode
(Gwent Electromic Matesials Lid,, UK).

4.2 Prepatation of EC-Mageats Ink

GmL of g solution of EC-psagenta polymer in dichloro-
methane at 30 mg'ml concentration was sonicated for
1S manutes with 1 2 ATOSIOZNP's, Remaining dichloro-
methane was evaporsted ot room temperature and the
resultang conductive powders were masually ground using
a movtar and pestle, A resin bader is prepared by mixing
P(VDF-co-HFP) ut 15% wt o dimethylpropilures
(DMPU) ard heated at K°C. Eventually, the dryed
particles were mived and dispessed in o resa bnder m
pigment-to-binder weight ratio of 1:5. After throrough
mixing, asmooth paste s oblamed.

4.3 Preparution of lem Gels (1Gs)

All the chemmcak used for the preparabion of Jon Gels
(1Gs) were dry. A desired umount of and P(VDF.co-
HFP) palymer was dissofved in anhwdrous acetone ander
stirnag al S50°C unil o bomogencous solulion was
obtained. lonic Liquid (L) was added then at different
weight mtios on the previous solution (L:11:31:5 P
IVDF-co-HFPEIL) and stirrod agam for 1 h The resulimg
viscows soluton wis trassferred 1o ceramic evaporating
dish arxl was left at room temperature for 24 b until the
sodvent was completely evaporated Eventually, 3 1rans-
parcal, flexable and clastic thin Blm was obtained that
could be cut with any shape and stick on a substrate. Note
that the theekness of the film 8 c.a, 10 pm. henes i1 is abke
10 work in transsittanse mode s A reflectance setup

4.4 Instrumentation

Electrochemical Impedance Spectroscopy (EIS) expen-
ments were performed al room temperature usang Solar-
tron 1287 potentiostatipalvasastat mierfaccd to 3 fre-
quency respomse analyser (Solartron 1260), EIS was
measured over the frequency range from ! MHz to 0.1 Hz
at o potentiostatic sgnal amplitude of 15mV. Interdigi-
tated electrodes of Au with 54x2 bands 10 pum of widih
and 1500 pm of lemgth were used for impedance measure-
ments,

Electrochemicl charactergation of EC-Magenta and
EC-Magenta paste, potenbostat VSPIHO model and EC-

Becvodnalyus 2619, 34, 1-9 7
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Lab VY51 software wus wsed. Absorbance spectrocke-
trochemical measurements, potentxostat was coupled
Hamamatsu spectrophotometer L1029 model,. DRP-
SPELEC 1050 model was used m further spectrocloctro-
chemweal studies ennbling recording retlectance and trans-
nettunce spectra of opayue screen-panted electrodes

Morpllogy and chemical analysis of EC-Magentu
paste was studied with Aunga-40 (Carl Zeiss) Scinnimng
Eledron Mxroscopy (SEM) carried out v ONM Tnspec-
oo Labaorasery,
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mdmcmmw mtdlwethmmnh—
Fmnrtiooad compooente (s o ol 2000) can hupdy dnplify the
controetion of Dew wearable sensing devices, making thelr producton
Mww Sueh e ltifuscrional eoniponsnts, (0 tun, are

baled by b of mislts cospossive matsrials (G
et o, Mnut-s Felipes ot oL, 201 Olbvsion & al, 2G13) and
F chin The uki 2im b= to develop new devices

me!ommmwlumwuuam
seiemifie incnuenttioo, wod thee co be eadly wmmbeuod by
lnrpe-area priming mechods. Howe we preseat o self posweeed lactete
shin patch sectrochs oo bissssor that co be fully seseon printed wod
vasily read by the sabed eve, We thow bow devior demgn » stroagly
mestwined widh wsierials mod fibuieation processes. The ddwice of the
Csupeent ondurtor is particadaly o o it affocts both devioe
oconerveton and perfucrmon. This work deserbes o devics wheps
laetane buosase soode & couplad to 0 Prasion Slue (18) c2odo 10
provide & viswal coposetcstaon readoot. However, changing the srmmse
system at the aoode will enaltide the detsction of ot soalyoss in swent
ar may oibwe zsdia, Becaiae the Gxplvy ixnof o dawct contact with the
sanple, the techoelogy can be wsed with dark oc surtid saniphes as well
e clemr coea

3. Matesials sod methody
2.1, Reogeres end maserink

All chumnicals and savennks wers used 28 recwiveed withour huther
purificecion. Ton-gel dectrolyre: potassius ummnuhwmllmm
(KT and paly(vimlidess fmode-colwodl ) (AVOE<.
MIP) werw ncguined s SjgrovAldich (23, udl:lm'lh;-l 1-Ehyl .
methy Ronbdemolion orifioc umdmlm m TH wis aeqolind
froen Selvione ('R Other resgents: P Yok o
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Awrmwry ol Boierswmaes ver Lovwr | yxr

whydeate, poresum chlorde, dooc chloride, aml potamaurs nitre
were purcliased from Sigrse AMich (ES). A solutiea of 0.1 M potas i
ehingade (X)) Gon Sgaes A ich and 006 M phcsplan balfes (PES)
P8 7 from Fluka (B5) was sedictad s aquesons sapporting ebscaalyte foo
the mass el wag G sl powered pratoivpes. SeltWes 9311
notwamen doutle-sidad pressire sositive adies ive (PSA) tape kindly
provided by Adhesives Raseded: () wie used for antoediog the patch 1o
thhe oo 's xkiz A CT-4 Polywity plithsdntm, PET, divets
wepe souoed mmmmmmve wn

“l. faks of 3 l 3 L =1t 3 *C\
md&unﬂstbebmtummommkmrwdum
of fhw vk v infoesssrtion (252)

22 el pofywer dectrobpe

Oue of the most sucesssful approeches to ocddeving koa-gel electro-
Ivtex with bgh dceve cooshucsvition is the ww of Poly(vinyliders Moo
rile oo hesaftuonopoopstene) (NVOF oo HFPD fosie ligubd-based loo
gl (Dokal ot 31, 307 ). Thix type of electiclyten, loaded with c. n
T80 % we of ok liqubl, o each conduetivities op 0o 1.06 ms
e, manspareiies woond 83 of nasmittce, oo o brood el
trechermeen] window (32 Vi, withoant losmg fleabiliny or integney
(el =0l 2000) The ecaiposicion of the god dcmdyte used hese,
which hm = ioaic comductivity ca. 4 m5 em ' ke been repornd
recercly (Allet Pl e nl, 20200, bur e ahmt-unn-) will be given
for comveniame. &14 3 of the gelling agenr, FVDF o HFP) wew da
setved [0 0.3 ml acetane while stiiing ot 2000 rpo) of (0 °C for 15-30
i untld all thy WYDF-co-HFP) was Sssobvad. Note thar S ssisnee
yedloves out above ™0 °C, Next, 50 g of BT1 amd 340 L. of bsede liquod
were sl ded 10 che aixtove aad stined wido hearing fet up %o | bin wid,
Pamted layes (3 coatal ware meassoed wing = styhu peoSlosseter,
yidding valies rmgog between 10 md 20 jum,

23 Deagn amd fobriconon of the efarecknamc Mooy

The fully-peimed self-posered deoxochiombe blosersas cooeept
recertly praaated im (Ales Peliomu o ol 2000) las been adupted to
toke & shon pareh Sorme fsouw, as shown 0 Fie | In contme 1o o
poevions work, wiieh follewed o straightfoowned coplanar constnuction,
thix tinw bossrace and display unat face oppodte sides, becaiow the
d«n«hmmmﬂmrmhvubkukmwmm
wedutoate while the b t wath the skic. Al the
Mmlubﬁ»mdlﬁr@pmﬂeel«uwm
uxl Iaksde colour chanpm within Giw bicsernor dhrrsrsir
rangs. Weo uwd o 100 gm-thick trmaep PET b jor aux
esperisental woek, bt we prodeced o series in 30 micoo PFET with the
mme foncticaality, b wiich felt moce comfoctable 40 wear, Tig |
outlines the fabedoation peocess, wheve the PET substrare was the wp
covas of the devion, which wis theose il “badomands™

First, the subsmrmes weee peopored by engraving 2 semies of tope
tahon ssen hs i e Thew egstraion swks soveal o a oo fo
the subasquers prirting aned cotting opesabone, F o | showes that bath
e tia oxide, TTO, (o et Touns of aisparees seised din oxid)
0 PEDOT PSS electrodes oan be usad 1 the renstmction. In comavat bo
PEDOT BSS, which con be sereer-printed sod therefoos streamline the
Tudsication peecess, 1TO dect odes oguite wetateh pamaing (Ul
Pellisio e ol 20070 Although i bs sasy 90 ke o soltobie stencd ot of
msum!.dnwmnmmnd.mmpdnu.m«n
PET can be hutse ogeneceis and po i
o0 the some st (Bosthioe and Qiaon, 005 ﬂushlh!m!wnl
cxme, baparent coadictor electiodes waw panied in tep two wing
PEDOT ESS. These tonspoorest electndes poovided necessary elecuioal
contnes betwwes the bm(mn&l mul the PB doply {(avthode)
Necxt, thee bi i wwrw putnied dim with the
tam&alchvmu‘nuimnsad!benennwunﬂmimmluhm
coloen beackproand lapwr m peoreide high and facili
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Skin-patch self-powered electrochromic sensors
can be fully screen-printed
Laser engrave oy
1 Gubshale prepardion :’L.
(g sdraloe reares|
Scrunn-pried =
Som
3 Tarsparon condxcton .
patoming

3 BlOsOnsor RISa0N -—
4  Goghc lwper backgoad — -
& PBducky S —

A edk:

Sectaw blosenes; o' 2008 W
€ Elctohie B m:
ST ENMTY TR
7 Shis adwesie T ¢ cotose
0 sy, Lo & 035X
8  Biosensorm m ¢ ol relwence maune
Fip 1. Duagr LT ol die ebdiomion § wow) (0w b gt B n Tonn JEMm 0 g wtuth e Sempsdonn Thet fomed D di s the fanes oo of the Sesion

VIS CCCEfRti R L

both text and the displyy. The electrochromic #8 dsplay bars were

vent usiig an 80 disometer squecger 10 efeaire o thisnes de
POsL Sarali ) serves protiong squeepos 1o srale in Liwer dascasetiy
polywretiooe ndber, typoally sh?0 The amcunt of 78 depasiind con-
ek the Sevice serdrivity and its resposse Le, oo agaial (ie,
thiher lavems) moy be ussd if bigher concentations seed o be
eemuned o umwmm-mmmmm I8 idiencs
=k ly ik | 1 the oo plary (See devioe photogiplu in
Yig l)mndmmmsﬁm.nbeyumkdudaxmﬁumh
sulosguant e dotz asalyiie md, woond, they sct 22 o spatal
seference 10 deteaaiae moce oocunately the exient of the colow changs
aloag the lorgirudinal display axis. Forth to be pointed was o whine
Sodwcwic that puoaded o bucdkgoura] to thee tear saud Bapley, amd

SPELEC UV-vis epectroelectyochemistry inetument {Metrohs -Tirop-
seis, BS) coutollod by DropView SPEIRC sftwae (version 300,
ngalled oo o IC reaning Windows 10

25 Bleewocheosia wieasiresie s

Cyclie volramne oy 1CV) wis coeviad our using erther o CHIG00E (CH
E L= ) pobety nnd lbed Ly CHIEADe suftrezsn ox n
PolmSens 3 (PolimSens, NL) potentiomat contredled fiom o Windews 10-
hu-dlapmpmnhgm&smhm NLL Solutices were
degread by bndsblizgargoa wis P cayaen, whick
oo otherwiie seck the PEDUTESS vadintion wave. The open elreuir

fucilitorad readieg oot the resulss, mﬂhhnnlhxmhyer.
the lectrclyse bon-pel, which hod to be printed hot (8070 °C) 1o pre-
went It foar gelling on the sereen. Thoee oo gel layers weee poncesd in
the teporsd proectypex to swduoe -drop lowex diw 1o the Jow elec-
trolyts thecknmes (ALm Pellivers w2l 2000} Noow that the o gel
eovers the BB cathode and te gap betwees this, aid e hicse ol
The cesaza is to peovide the aathede with a stzble slectizlyte snviren.
el inespertive af swear pH and dect sy comgosiion ol siswe o
cotistenl [oiponse dpandess on Be amlyTe comain Wine ooy, Last,
although m wlbesve coddd be pdosed %o, In 0w cose, we wmed 0
o0 menn, wodicd goade PSS Thiv odbesive layer win leseraur
expose the oo while peotrcting the ongel. Lag, the oomplese
Sovioes weae et ot sl the groaphite eloods fusetinnalind o
described abave

24 IRSrasennmon

PUT wdb ) e and ) wetw cut ssing n 0 W

oo,hnwwwuuuummm Elctre
chwmicsl seul xpe werw cow usioy 0

| weae ined prior 1o moy voltunmetss experizssents tn
mmthuqﬁumhmpmﬂrﬂawamddmmmt

26 Twage ondyds device regonse analyas

Electinde unage somrw expstial caing o Nikon DES00 cumen, while
mages fiom die promtypes wete coptursd wsieg o (Fhoos. lnege
nuzchyris wine peefoemmad uasagg Fags Otk ot ol 201 2), s lossgged 1x

digzbutson (Sl o ul. J0L2). Best sersitivides were obealnsd
mmdwtdmmdnmmmuMwu&My
vy thw whole ol dw, woux sadecinc] usng the oval todd, and NGB

lalummou was obeainad wing rhe “RGE Mesive Pl free pluging
Notw thit the e dhorm a Fles 3wl 4 havw not Bewas tissted in oy
W

9. Mesultx & discussian

A1 Spectrodertrchared chorsctoruaton of soreen praved '8

The focoaulation s slectiochenionl response of the PB puste usad
Tivaw b Isvens repurtiad prevtomaly (Ul Pellimin w ol 3009) Here, we
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Pasmans el Bosleorinas wox Loaxx ) wxx

provide additional irformation regmdng ux wp } huanical
bedavior (Kulesan # al, 1997 Motimes and Reynsdds, 2006), Fig 2
shuner eyedic volinmmegmme, UV-Vis sgoetn, and the conesporaling
voltabeorptog as w600 o of scosen-printed 2, S-ndhmnadhtn
aned PEDOTPSS wlactroden. [z, 7 shiow the sxcellent ebertiod

of screen printad PEDOT.

me 1 shows, the present device wes o Unmspuent ekscuods ITO

vesponse of P elaetrodes. The prosess aroud 0.2V vo Ag/Azcl conee-
wpoads m the peversble duction of PB o Prissan White, PW, The
Mpmﬁ«ndxomeDVwM/Md.«!m&udn

ickation of P85 to Berkin Crwwns, INL 1

1 PET shests v osmsecially avnilsble in défenat gradea of
wmmummmm.mmmm
dowm 0 30 pm. Howrwer, these mistenals are costly and require oddi-
tiona) procesang compared 1o PEDOT PSS, which oun readily be appliad

the&vkepuumdbuembhmwuuldmlmhaum a1 anl
03V ve Ap/agdd, the oxddatinn of PB o PG = not discussnd 1p 25
coerepouds to the nbsccpticn spectm, Jecceded @ reoction mods,
smmltanesesdy with the eyelic veln-murm, The mpectra show how
Light aleorpion deervases (ceflocrance buaesses) with posntisd as PB &
Bleached abowe 0.4V vy Ag/ARCH to PW below 0.1 V vs Ag/Agcl The
vultsheocptom s dvpicted ux Fixn 2 aoe the sendt of takag the tise
devative of the absorption slgnal mesured at 600 om and represent
the potentias Wl the eslow dosges e phece, adependonly of
Sackgromnd Copacitive Coreits. muclundyfelmdwhhmp-
togem, mx thary can punpeant mmdas pl urew chendy tiea cvelic
vl g e {0won Bule ot wl, 2009 Te feilin the sorpres.-
ton of the voltabsorpiogram in the light of @ OV, bath curves have
been coboursd similardy (n che figire. Orooge and bloe tepresent the
Forvenod md Seckivenesd poceneial som, cospectively. Note that the dota
expoessed in e of steobanes, so darler codoun connepond tohighss
cbuublmeulnnudvinm muld(uotelntbe&usm

by % This ic the wity v choos FEDOTIPSS e o
lmn-puem dectrode despite its selatively MMaMty (. 200 €
") compared ro ITO on PET {en €0-75 0 [0 '), Albough the coa-
Suctivity of VEDOT-PSS dertyode rm be i 1 by priming thickes
Layers, this resalos in bower lght tmemmesicn, Sevides, MEDOTPSS »
Snown fur its cactodic doctioels artisin {Andocaon o o, 2007, Y
ot nl, 2030; Xuuue o al., 1955 Moctines asyd Repondds 006). Given
that e PB dopley i espected to work af bow potsatiods, we stucied the
eftexe of PEDOTIFSS edeeryode Siicknes and spphed potential oo the
opliced propeitvs of e adiode, The god was © find the optiaun
talance beoween decxonic conduction and filkn vassparency, so that
the colow charge of Ge PN could be cbservml by sight uisesbigaosdy.
This is extiossoly bsponmar becnese the codoin conmmt mtio o
PEDOT 255 pouited slacirodss i (Repzorese ~ 211 ar 686 qm whidh,
coiparsd 30 A CRogpw = 143 of the PR/PW system meens thar
PEDOTFSS i3 moch morwe mbemsely colovred and miny sk the colour
elarge of ewr oain edetioduose sysan, PE. 1o adlitios 1o the igher
coatst, the PEDOT PSS system b cobownad moos efficmntly ot 955

wwabx the poctios of e § l xeen b I at
1he«dddwhuhm1ﬂmulmmn;m The colon
SO st Latle TGRS OV oumn o1 ol 201 5) of B B elodtr ode o 80 s,
determined a5 the ratio between the macinum and the miséoues
reflectence chercved in the mdox procees berween VS and PV, (s ] .43
Note thee some authon hire elrined the for ss doon odisemic elange
10 be sastioed by the huanan v, CH 5 34 e iscoommsadnd (200
ek, 1995 Despite being chose of esen below this articrary dimir, the
PRPW system is montimely (lonsod w al. 20005 Martimer, 201 1; S
SRR et il 2010 Dleaeg et al, 2017, 2019) weid Jo doctrocleossie
devices due 1o its eoee of poeparation nod e o oy fons

ok 40 % 90" Ins ¥°)
-

sich (183 cn”™ C ') asppon o 2002), tism the P8 eyatmess (1463 e=®
€2, (et and Ry mlids, 20cn)

Yig Al diows the cydie voltuune be reponw of B PEDOTISS
electiodes used in the constroction of the prototypes. The Agure shows &
large redoction rignal streting ot - 0.5 V ve Ag/AgCl whirh, on neahocs
of the spoctin poasercad in Fig Yo, satelis the veltaleupiog s in
b f Alibcagh the spparent nados Buminl potential of thay prooas =
chose 1o - 750 mY va A/AGT, Ix is possible to ofserve some cobour
change at patentials starting ot 0V ve Ag/AgCl alveady, This is tve to the
vt of the polynws, whidi iv likely 10 be coaipased of & sixace
with differere chain lengds, To dusck die miittlity of PEDOT 55 os
tnrepaient enthede for e in combinuion with e PB/PW sydess, we

Rp 2. (2} Cyclx voltresrastry of z 3
w1 PB Ak oa graphine m O 1M ENOS
AL BV 51 D) AMoptian speus
Colectad dunag cpelx voltonoseny (Al
e} vl bucepaagian of die FOLTW Sl
DG ytem: combinarg ifosnisbon
fiosn 20 ond 2 o1 050 g 1) Cyelie
Vol raoeogrom recordad ar5 oV o) of s
23 sun PEDOTPSS shw trode (6 3n Ar
&u-do.lllmcnuhunl-lkb
btudred from e
nnor-m b trode drias vob
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oataload s owlecton awede dubap 3 QW el
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pried disk devuodes featuning coe, two, ond tues layess of PEDOT:
FSS.

Coserueuly, te PRAW toskion dunhl be visitde daough o
FEDIT:PSS eleciode, We woed disk electrades fesnming one printed
Laver of PR o0 two poinesd Jiyess of PEDOTPSS 1o study this configir
cotion wiEch wis bowr el 31t prototypes Thise sk eletiode
were prepared for eyclic volaumoetry expertiments oo 100 ik o thck
wrsgerent PET substintes w0, P S shows o suis of
from ene of thess electiodes, tbien Juning the 10 mvV & ' opdic wo
mnudqmommlﬂmmcu b T‘ofuullmmune

, thase wese sende i a stadad 1+ ) au fotpeint
mwphmwm cuvette, The potercial wes scpned betwesn 03 V
el 0.6 ¥ va A/ AgCE (U0 M LICH,COO0) The top image st was tusen
from the solution side of the dectrode, wherens the inage sot below
corresposels 0o the substrare (PET) slde. Thas, the Joyers et by light in

48 94 22 90 02 &4 08
1V i ADWCY E (v va AOWECH

the fhest case e PRPEDOT PSS, and it the sxond arse PET/FEDOT.
PSPR This is why we find differences batween both sets. Fint, in the
sobition-side view, we con edauly see the codow swindiog Bua e 10
pry wm potentil pomes the FE/FW mduction pocentnl, mound
150-200 V. do the PET-slde view, 00 the ocher hand, we chiserve two
tailicne boorase both PB wd PEDOTPSS we elocti ochiossie. 1s wile
of thie, 1t s posilde 1o obeeve the Ton oo froms I'D %6 PW before the
reduction of PEDOT. PSS zsks the PV usdernath it idow - 100 miV v
AZ/AEGL Beomuse lnnge Intecpeetntion am be sulgective, we have used
lmage), a0 opeirsourcs mage soalyss soltware (Schindela = al |
Q012), to sdhow how thae clctivda tehave mid to atablish the s
abdlity of the system for die constiuction of the poomtypes. We have

Jected 2 1.5 nan s crreky men wahin the wocking detiods
nodd meeswred (s RGB lstoguam. The RGB soade deflaes colows as the
combinocion of ted, blue sod green, ench roaging in a seale Tetwess
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{ thye refs

Jegenil, the recader s refermd 9 e Web verghon of Bl amade |

0 wad 55 An RUS value of 0,00 denctes bbck, sacl 255255255
yepreseats white. 50 the lower the value, the daibier the 2ae. Fip e
shirwx 13w values cormmponding to dus swd el which is the most
sendrive in rhis ose beceise (1 absorbs blee meee steagly thoa the
other channds. While quanafiontion is endes from olservidion of the
saktion side, it e ale p e from de mb sile. In thiz coww, the
fipuwre shows that it may be moce difficuk for poteatials bebow - 100 mv
Bocreme of the e ffact of PEDOT PSS, However, 2z shown in Pl 4a balosr,
our kaetie biosrrsor wodks abeve 100 mV, 50 1 e il systess we con
bo mow thet sy calour changes will caly bs due tn the PR/PW syttem,
aven if these ree shighdly dulied by the PEDOTPSS biyer. Addincnally,
we tave abio sadind the spaom gpeeirocerechamion] nspocw in
eflection modn, undrer the mme conditnns
P oo o chowes typienl sheorpion spartm ar the stating po-
sential (4300 mV), ar e el podntial -S00 mV), and af a0 K-
medlate poteatind where the sFpomeml spamn s moa Hkedy 10
epatuie (000 V). It is suikieg how dffaear both sets of speciin .
While the solution side nmtches the spectm preciomsls found for BB oo
Ftaghite {Fiz 2b), e PET side spocun dspliy Sstinet peals aroul
S50 ez, €00 rzem, 700 1um zeul 850 s, OF theoe, PB siows o lnnad pesd
becween 600 rud 700 m, while PEDOT abtworts tn n mch beoodec
srungw, oo thoat B paeaka arons] 500 nm sad @ of 350 o mny be
.mmdwmmm; Theoe 1wo peabs do noc appeur o the
ade qpectia b the PR/PN costung, whick is ssodifyug 3
maoz-ammwuuda»omm Lasy, Fig M ol g shows the
corres ponding volubsooptogrons o1 600 nes Boch plots show nwo elese
sigzab A shoper oo at highes potsaticds, conespoading 1o the /oW
sysrenmy, and o moeh bocedes ooe consspoading to PEDOTIPSS The
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o olont in this Epaue

relative sengnrtonde of thew xgnds in wach cow anses from the oalem
comstrwation Thes, in the solution view voltabsorprograes (715 gl the
PH agznl docuisste bocs the PFEDOT:PSS Layer ia affectively ladden
undemeath. However, i the PETsse view valtbsamprogram, both the
PEAPW and the PEDOT PSS signals have comparable magninudes. Aswe
hieeos sme, the deep Hus colour of PEDOT-PSS doseinntes ot potentisls
below 200 mV vs Ag/agtl.

23 ol device rexpanse

The self povwwred dovice poasenned e is o galvasie ssston aabibsd
by e Jow oxidation potential at the lnctate Snssosig anode and the
highsr wibsetion posntial of the P& cathode. The opeiutien has been
felly described m the past (Allee 1w lbiwr 21 ol 20120, but & momeny
will bo given hero for i The o of | wtivats the
bicsereny nx, = contam mmumlnlfwmdm the
deston lntermnl vedstance (s & key desipgn pausmetey thee commols the
xten of colows Woacdng dong the cathode., Tie doctioas el in
the caklation of bactwe e elapsd from e enrvne 0 the tebox
MMMmummmmMn dm«lemddn

to the P Blue, | Rung . Diw 3o the
wea-l myolthgsmumhel'sckna |otb.oduhnu
bleartied Brxt Tho chessges the denor & d 2,

mhekm;nﬂlowchnrmmxmmnk
) cwatren %o vechew. [n the wlticn nde, fher trarodstes 20
incvntng -op that & cortroling che wntir proowse Thus, the cell
petensial, Eup = Ewrt Enea R, whith depends ca coalyse ccocen
tantion, deiwrastowes the benggth of the Beched ane, while the oo



5 Sovep Mdgee ool

autput curvent affects vesponse time and cadeur frone tharpoess In the
poosent sayson, the ek & known te gawimte epundooil odl go.
eatialy OCP, o e mugde of 05 V CAUec Pedlines o al, =), aud
current dersities (n the mngs 100300 /W cm * depenibing on lactine
COlSMLion. Becau bodh naod e s0d eathode wie cosncetinl by sanus
of the trangparest PEDOTIPSS slecrrode, [t s not posshle sommmive the
custents e the el potencak geneoted o e poaenee of Jaetuu. On

Publications

Fomormey aad sk wom s ey Erverd yer

[ ' The total resmtrnee of this transpenent electods, from the prephoe
neode to che fie end of the enthede muges fiom 350 10 550 {2 This
Lo e Fun ey Locvesios op 10 e | M2 onse e PB layer bus Dean
printed on top of the PEDOTIPESS Groughly 300 0 ') Although the
divtor msponse is coagolal by e ool rsbnae (i & o
mately 3460 ocross the whobe dhepho), It s remarable to think that 1he
ehiar dohm«hcmdnﬂnmnﬂhgm orice tespase,

taw other haud, the deview cespomas wia esploced by gy the
bleachiing colous of FB by Loege aualyds fa the presence of diffecent
Inctate rozcwstiabiozs Bisfly, oow of the graphis wietsodan wia
adified usdng 3 yL of e biosers oo sclution previossty descibed Filo
prpers were saaked in PRS- boffewd (pH = 7) Bictae solations oaging
Faoen | =l o 13 md Ouee the bics srson wees mvady, the devioe was
pleesd oo top of thess soaked papers and pienies wese mken every 3
miin The colour chusige of the daply e sobes guently ssdyeed ming
tmage). Fip & snomoariaes che results obtained foc the betare bicsersar.
Pzt sherwes photographs of the s, sl then % md 24 min om the
expectment. As expected at Bugher lactete cosceamations, o lager
poution of che cortande was beoehed (lanper Euy). asd the cesporse wis
nim fater (higher cument),

P ob shows the 1ol dhannel juolide of the 78 clertiodes @ o
fancticn of analyte comeentration, o t < 24 min Low R (red chanoel)
vales are indiontive of blae colows (red i abusoabadl), 30 a5 the electoode
is Mol de R vdue isgases Noto thar oo edos dhage s
obeerves] (n the abeence of encyme octivity (nhsence of lncmtel, which
indoates e sokoctivity of B dovice. T sleup diop in colour bitwesn
the beoched and the coloarml regons & s thog Previonds, we hinl
Mammm.m«mwmmn el
Litwew wt ul. 201 8% Even ! dsuch a blry
cegton (Allst Pellitms o ul m}}) Hmm in 13is cme the colow
cimige o veally shaup, We sttnibute thss to two fictocs. Fast, the roo-
tace of the PEDOTPSS elacrode, which Is highet then the ITO
AL Pediibon ot ol .MI 7) 0od the godd (Alles Pelinem ot ol 2000}

b e tomd in Gviem veruoo and, scond, to the buge
blmunwmachkucmmhlmwidﬁhuw

ats thoman 1l wemal, Symn d dide be o n
Figui= ESI ),

Previoady (Al Pedliero ey of, 2007, MQu), we had wed very
highly coaducneg elecandee, 30 that the main 17 loewe nppeared on the
sdnna ﬂe(lulu Fdlum‘- etal. A0 Previousy ssed ITO oo glos

f- d aof 2200 edes
Dl 07 ', respernvels. lnltlu.e.cmheedwhml The messoed
|uumdhxuwmm.bmuhh!nnnums-ﬂ7sn

o current ermly
-

of "¢ Anteren e

hrtats T

Fig. 50 Comparkon etwees the oot ¢ doseiso 1espome, exresal
u-mmt\h&tmhﬂuﬂaﬂmwmw

4 32 die posticn of 2as colow Gast, 1 o avsy oo e
I:nc-a(wlndu.:@lhnlwll?u >3 wan of the pefe [
olnin 0 s Ngoee Jegead, (he s B refened 0 de We serdon of
this soticia )

g the hoaog distrik of p | acrom the stioe
dmokwhzqumcﬂhmﬁtutmmluﬂmhxm
Fig e shove the position of the colour change = 2 fuscton of sislyw
concenation of differenr tases The datn show how highes maly»
concwtrstiom besd to the higher bs wxpoasible foc the
fotw the apoaw, o g with whwery The dotn
nko how Aoe roch comcentration bas an ead potot, which is alo In
ngeesunt with car peedictiom foe thic basd of whew cadous
m‘mehmmuqﬁmmhdunhedldemamm
Lerrf) i higher ce wyual to ke vy Thee xx
mhmbﬂunvmﬂmmurmummm
the biosstsoe to huge sample volunies, so the ranke corenmintion seis
mn emf for the sysem that con be mmumad %o reman oosan
thoaghuonr the experisent. This, combined with tie resisimce o the
PEDOTPSS edecerode, asplaime why the reloms adge appears so sharp.
Plrwt, an B b set thet |5 only a fuoe ton of locsare concentuation. Nexs,
e bicootmar corsuss off the T8 (dauge) witlin the cegios whee B
drop compensotes te coll AV, This also explains dhe wider hoese rmge
shown in Fig 6 in the self powited devion cussparad 10 the aupao-
metrh boserwor (ree BS1 T 90 The daplay length bleached at 10
bmesmmmdynmmuuduummnl
yte =1 i the nunge of

mmmmmmnm&»pMQuw.Msm
g with owr p e R
o oal, 200)

Last, Fig = shows datn eovespoading 10 the current densdry

It the bo falso shown in © oo 123 2), sl the posticn

dlheodmlunrmem:daumemmmowlmmlm
digplay slomt twics a3 widea Lo oo o the e

Althuough the biossasors wsed inthis wads were fist dedgoed towork
L wode biood (Pustes Villugrasa et al., 201 5, and swenr loctate ean be
ne high a3 70 o 80 =M during exercue( ke noal Wolls, 2000) we
believe that the desioss presented here demonsiee wieking poaciple
aof the peopoend teckzology, and that they ccald be sdapied to monzer
mmmammmauammmmmm.
should sersssuily isvelve changes in b ¢ setiom oo fir the
desred snmrmty

4. Conehasions

We dirve drsenibed the sepby-step comsnction mad chancterisa
Uon of o sedlpowsoed ahecncctiomie samon for the &tection of et
Inctate, This device invelves a transparent PEDOT-PSS electrode that
conneess 4 loenre blostising nuode, and « Possiun Blow doctochs taiie
cothodke. The bicsensor is beaed om 2 classenl roastruction imvahang
bitate wxidase sl an Ounim besod pelyving] lnsdesok tedox pely
mer, operates with an ouset potentind rrond 0V vy Az Agc and bas o
curmeut oxiput o te 50 pA a1 F inn Mactate concentition Tangs be-
twveen O aod 12 M The Iwssian Blue cathode, on e o basd,
precents 3 peduction ooset potentisl oound 03 V ovs Ag/agc] The
o continst sullon of 143 etabdes the codowr disnge 1o be olearvial
bry the naked wys throogh the PEDOTPSS slectiode

Wehiree 1o assesund e lmpocince of the chokee of the tangoesm
sectiode matsrial b this case, we have used PRDOTPSS Secoaae of
ks for 2 mioce coste Bearive pad environmenmlly fosodly pooduccion
proces taw [TO. The witudsilty of PEDOTPSS ax 2 tmusapeswnt whee-
taoadw fox shin application hua bees endind & depth, ideringg both ity
dectricn] o speenodectochenicd  progerties. PEDOTPSS is o
exehockic slven ocky oo bz from cless to deep Huw at 09V v Ag/

177



A self-powered skin-patch electrochromic biosensor

AP

L=

.'._)"_'._.-' . Iy

:: ! “I n“.) ...
5 Sewwnge Melgpon o 0l

Azl However, the colowstion peocess begny shighthy below O v Ag?
ACl, which sy eventually oeedi the ecdow boss of PR and Ll 10
oo rondings. Howeow, che radoe iedintoc wiad i the devies aoae
thix the device doss not operate Selow OV, thas making PEDOTPSS »
sullable Borspayear ehectiode to Wk in cosbingcion with P8 ot
ogphoation

Ansciar ainieal eheesnr of tds device & oo ad alecrelyte,
mmproed of WDEcoHFP, icaic bouid EMIM-TY, and potecan tn-
Mowe, which procects the PB display tod poowides an adequate cherionl
wovzcanwst for ity opeation This s impoctant to preven sccidinl
bleaching of BB by species much as ascoctoe o woie ackd, which are
keeosen to seduoe PO (Viskiskas ot nl, 009; Zhocasvedan o 2l 2014
Abo, thy iome ] protects P8 fom damsging neeral © boode pih thae
nuybebudheemuwwhs The potassium salt foclkrates boa ex-
h ppde msendiian nnad mdesxitees the junction potsicial ot
lhnwmwtluﬁ intecface. The poimoed o gel dec-
trulyte mistince & closs o @00 G (7', and amncls de deview
respomse,

The self powesed deviee has been studind esing tufferad betare s
luticns. Althoogh Full sespomee vequires vy te 24 man, the syrem reaches
655 of the floal sespoede withio the fiose 10 ke, making i1 soinble fin
us in spplionticns mich o5 endvoznce spoet. The coulametric nature of
the measwrement exrensds the |linsar range o 10 10 mM lactde, bevord
thio 4 =M e raigge of theanpeseaenic lownses. 1t b bolowd
this b5 0 combinad effect of the odl potentinl eanblished in the srstem
betwins the daplay wd the bicsesor, and e velatively long ieacton
tome. Consderiag the electolyse reslennos ol the expectnd comment
owcput fic the bocsmteos ar 10-12 s [actate, we can estanate o send-
tivity mvehang the bladusg of ) men M8 sepmens por oM it of
Inctate

Thwe device presented wi tha waedk, with all i Euiteticre, sepraat
o step forword in Se directon of moee sutainoble weasabls luosersoss.
WemuanMMukthnuhb«nbem«sﬁly

&Y 1 d‘ .- C. 1 2 -
tonnhgdmhmnom wmmmm

y-iaa hemand ewll. Not coly tha, Ing we law sbo
Mnhwwhﬂnmumhmﬁ«mvﬁlhehmm
fockag one side, and Be display facing the other. The presenrsd device
enn bo, after optinieation of the ck 1o fir dro devited il
nunlluawcwhh&nmmmhtmlmdmrmdr
rulos d via pe

RediT authoeship contribution matemms

tion Tiege Rio<olin: breestigntion, Foamal maalyms, Viewlizateo
Huniyel Asisbani: Dvestgalon, Visdizaton. Migoel AlleePelli-
terx Coneeptializtion, Mechodolbogy, Witing - angioel deaft, Winting -

(el & mding Gossslo Gelrado: 2 e Wilnng - &
ol F. Javier del Clusgpo: Cuqamﬁum Methedobogy. loves-
tigation, Foomnl nnabpsks, Resoarioms, Writng - ociginal dind, Writing -
Ieview & aliting, Supicvision, Punding sequsition.

Declarstion of competiog o

Tiw wuthees Sockue that thy have o nows coupeing fMeasaal
Inpevmsts of pessonal iedaskandips thant coold) hve ogpesced 0 lo e
thue work epocted 1o this peper.

Acknowledganents

muwwmmmmwwuuaum
of Univensitis znd Researdh th po,-emmm
00007 14; Brsterpeiom mul Koowled Cwmeralitst
de Camhnyal OG mmammmwummdem
tigaciim  {(PID 20191061 7]KB- ] 00,/AKL] O] N3y 20] 1000] ] 00

iy

178

— e -

Ansmwry evd Bl rivmes woe doove | wee

pewect), The anchors are grateful to Millikea for provikng the electn-
coodumsive powdas (BCP) fxiturad i this workl Speciol cheads 10 o1x
indusoial peuteis i s pooject: Fersmdo Bonito aod Jusa Belanaoi,
from Paymssr, ignas Rieca from Inkzae, and Josquin Albest from Acsa
S0 for el svabolie guidanse aml suppat oo planiog (skeab,
peocesses, nd spplicorions. Frof. Alvmo Colma (OcfDr 0000-000G-

omasm,mmomug nlnuguh mw
Frar huee aidview smul & 7

¥ | v

Appemdix A. Supplementscy duts

Srpphersntnry e bo thiv s tude can e foond colime st b e
s PR 0 10) Bt 0TI | YN,

efrrences

Alkes Wllbaon W Tiewas J . VB N, Catatte ), ltad B, beaa 1Y N
i, P AL MY Snvee Aveame B e 190 8w

Al Pabldcn. M. Dulmaap A o M. Vil 8. Pabia C Rabad B, Debe W4
Ml 20 et el Guanas ¥ 31T Clenss W & (900 2k,

AlsrBolbuns V. SuatupeMdgie © N L Abemy V. Ldbad 8. Ml 2V,
Dameda (L slCaunpa 7.0, 2480 besiss. Aczasce. § Chesa JOK 127938,

Aller Nlnes W dd Tops 2L TN Kar Opm Demadses 14, .72

Aler Pellbern M Coinart A, YL R ol Cmupe 712010 [ Pher Oeen, €112
L ),

Aafnmnd ¥ Saefibeie B Tolunaad 1. Beamgete M 2007 i Pt N 1Y
We X=2,

Faar, LB, Wt AL, 2P0 Myrecioanel sechasann teivrpd ot werim v o
penibons Bua 1 Aad Fhpsnd 130 18], TI9 250 S s Be e Baddbey,

Sovhalbom, 840 Len D58 M 5 0 W, Wrape & %0 € dowp Wod
Mang T Wiabeg B Mteg AL Ohattil B, Bagerr. LA, Dol I, Cheel )
Nt ), Renda | Thaway B 00200 0 Bapaer JAA 02 me Tumas |
LR S

Seahine M, CTautan V, JAM e Caiby Tedas aM MG v,

Cerre BVL Fermarwkes, LG, Vlaeten P00 Ooren Anrdn T, Con, W
Ragawa ), Loscssce Wl 5, ML A8 Naars Mawe. 10, 1WW M.

INBA D P Castaman k. D DM Gaast sws 1 2010 Das e A0 7
007128

B N B e I R L e
LB LAl gy 2

Suame CL Molie DAL Bade 03 Rnsall 0. 2000, Qs Mue 14
A N

Soprdeel, WL Magwes, 1D, DIIE ACS Sen. | 440

Inlbeaeid o dadeb A Sogren, A Gtend P Thes L. P T L 0 Bhem
Ewa 2 Woang. 4 Bim 1, 0UE, Lo U I8, 217068

Mewg L, e 4 B0 X Yo D300 Awl fhee 80 200w 20iA

Saseed, 0. Chanstiil T Seda T, Peblen £ D000 And Dhas. P23 5103

a8 Bedathur, A, Frome, 8, Acdpos. B Reges JA Alas VLA 8
Panere Bamiechemy (65, 11399

B 03 L M M K B, Y5 Ken 83, Wemg A W Lo Wem BN T B
blaa A Caouan T Bagen, LA, 2010 Subemen 205 LA Sl

Bin ) Comgroll AL, 0 ML 320 Waag ). 2200, B Sexcind 7, 18400

Fan, ), Seennt S ey U WL B B 28D At Voo, Teduel 5 122

Rabontr, FIP 2 Tompork 8, Muth MAAMA . Marmshrewd K. Sametend M
Macea, B, D997 1 Sofd Sres Slactocken |- 8550

Batus A Wan UM Wedtast M Do ¥ Nboid, EA Reviuii I
Josen N 10 NE-WRL

L3 DD, Tgme 5. Ocedag ). Chun 5. 2005 A2 At i sawtiom T
1300 10,

U Mo Cocla, IOML TN 4ex Ow B4 0. 02

Medewfolyn © dbares L Bvwbaren &% bas tluie
MOV At Mam Talies 4 1BEMIS

Ml P i Madissi B Bussasks DI )0 Bl s Failoansih
ad Appiemmmmy e ol VON. ettt

Murrkaes, B0 1L Ao Bav, b, Ban 41, 08| o

Movtawry N0, Penmosts JR 2005 ) Naw D 15 5102000

Mataaes, BJ . Soaibady, DR Mud, PNL 20145 Becoaliome Vans b st
Devtome T ninlasess Simide asl [oeome

Qlndre 1, Connt, V., Gartes, W, Whuthes T Loy Vioades 1. 37IA Alé Mand
2L e

Cevepn, Ly Wmeln, AL Bguvd, 17, Svme, 2 2018 Ve Nerem 4 5

Papan, A, Bnaasass B Nikalsads L Bapdiosas, U, Rosssavvissas A
Nusunrmime A 2000 kb 175 (00 at,

Tares Vikgrae J Powcdribe €. Oobape Pemupaac 1 yes Rusrbut 1. Masedy
Polte £ MapbsSomnin, P GO0 1 Ktean M Al frlame, W ek N Do
Cuerpen ® 1 Radrigeer. ¥ Gnrvesd | 018 A prrtohdy potm of core davire oy el
s sianin dubetes pmddis sadii . OO0 2002 - lr Nuaiiad Casdarbmn ol
the (550 st imtvind Llsnncnten bomorry, po 1280 187

e

Tove, O Romange M. Cotvia D, Py, L. Salepdaapiause, o "l K Mgea )
Prpmeshy, & Hethedodd 2, 3004 BEE Tosae Bomeed fog #2804
Sl AL 0UT, Digr Cptn Bxrmachas. % 8875



Publications

ARTICLE IN PRESS

5 Sewwngs Mo pen o 2l

m.wu Uy, U, 00T ) Mol Ly 204 || e,
A, Argeeds Correcse, [, Miow £, Bagywy, V.. Lasgad, M, W T,
Prcbem bt 3 Bowdene € hanindd, B, Seimabl B, Tiaenes A Y
e T Blawtel K. Pewmed P Corhma A BT Mot Wbl e
am A
Shaate. CA, Rutwidh W R, St BW, 2003 Nau Midads & 07147
Selpmnarpen, A ML Sell Y, Bk W Rayshan A A, Turmes 40P, Vgl M.
NN Ansl o 19, #4407,
A Tharks, A, Mgt 5. Bummt; A, 2017 MCE Agut. Mater Sstwseme
LT Il \
P Valbitwn A Nomlickab. 1. Rocxsin, A JOIK 1 Plactoncben
T WA DAY ML

PR Suadedcnr A :
0, Wang 2. 22 Cwn Casann 4, 10W,
Rl X Min 00, W B B L T b Wy, B Comees 1 T B B 5
Lin A, 2008 Chews Sav. 118 WD S0aR.
P T Cu 0 Bes, Bk Taag B 0K Ascloe! B4, S0 30,
w0, T, TNag: U, 2000 ADS S 4, 52725078
Dueg VG T NA L, Bhac S L 00N Sedams 1Y, 2N
Ewrg 2. doorwhr, B4, e Y, Whetn 8.0, 2019 And. Pl %1, 19T 11970
Temesats A, Cdumarks A Jow B Temmmewihe D Opis V. Awses
Wi M S04 Buvmin Bawboton S &5 a0,

179



Solid Multiresponsive Materials Based on Nitrospiropyran-Doped lonogels

ERAPPLIED ua1ctiats,

Bed

wvmdisariuny

Solid Multiresponsive Materials Based on Nitrospiropyran-Doped

lonogels

Sara Santiago, "ablo Giménez-Gomez, Xavier Munoz-Berbel, Jordi Hernando,” and Gonzalo Guirado™

GUTNQ ACS A Mo, ierfaes 200, 11 2648128470

Fad Online

ACCESS

ol Metrics & More

B Aticle Ascommendations

ABSTRACT: The applcation of molecular switches for the
fabication of multistissuli-reponsive chroesic matestals and
devices sl remains & challenge because of the restrctions
imposed by the supporting solid matrices where these compounds
must be incorporated: they often cnticaly affect the chromic
response as wek as imit the type and nature of external stenuli that
an be applied. In this work, we propose the use of lonogds to
overcome these coestralnes, as they provide & soft, flulldic,
teasssparent, thermaly stable, and ionicconductive eoviconment
where molecular owitches their wlution ke properies
and can be exposed to 2 number of ditferent stovall Dy exploiting
this strategy, we hereim ploncer the pecparation of mtrosplropyran:
based mutecials using & single solid platfoem that exdibit cptimal
photo., balo., themss., and electrocheomic switding bebavios.

KEYWORDS: ronogel, moleculer savtshes, spropyrans, suart moterls iomic Squuls, smivt dewes

B INTRODUCTION

Smast functional =olid materials that echibit multistimudi
responsive behavior are of crecial importance . for the
comtractive of novel dynasic systems and devices.” A
magor toolbos towand this goal v moleculsr switche”
Among themy, spiropyrans are frequently prefemred doe to their
capacity to seversibly ntercomvert between states with
strikingly &fforent properties (g, codor and polasity) upon
application of a broad range of stumuli ™' On the om kand,
wpiropyean switches are well k 1o phetoisomerize between
their coloeles sgmocydlic (SP) and colored mesucyanioe
somen (MC)." On the other hand, they have also been
found to respond to other estemal stimub’' ™™ such as
pEY metal jons T salvent polarey,™ ™ and sedon
putmhdt“'" In same cases, this allows the formation of
other states apart fom SP ad MC (eg, the pmtomated
mesecyanine state MCH', the spiropyran duser SP-SP) that
additionally moddy the photechromic resy of the
wwstemn,” T iach further wnriches the  stindi-
sepaitive activity of spiropyran switches.

Despite their broad fumctionality and vessaulity, the
agplication of spiropyrans (and  other switches) 1o the
Gabaication of truly smart matenale and Sevices auffers from a
mapoe bottheneck: the mfluence of the surrounding matris
when these compoceds are tramfesred from solution to a selid
state (the so-called matriv effect), which aften dramaticaly
alters their switching performance. ™" Two mam fastoss
account for this behavior: (4) the lirge geometrical changes
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needed 1o inteecomvert between the spirecydic and open states
of spuopyrans, which are hindered in ngid environments; and
(b) the stroag interaction that takes place with the suerounding
solsd matnx, which may vary the relative energy of their
different states, Although these matris effects could be
exploited 10 develop now dimadi-sensitive responses for
sparopyrans, " they eventually prevent direct tassder of
the optimal switching propertics found in solstice to the faal
materials. One of the mam strategies propossd to overconw
this drawhack compnses properly selecting the nature of the
matrix & to warrsat mumal interaction with the switch and/
or provide it with sufcient free volvene @ 1o iy preserve it
sclstion-ke stimubs-semivive response.” This is the caw of
nanoporons sollds (eg, metal-orgamic ™" and covalent
organic'' frameworks) s soft polpmenic matices (eg, low-
'f" P“'M m.‘f\c:‘.\ polvmu ‘*u-uc].

However, even if 2 suitable —matnix combanaton
1s chosen to reach optimal switching, the number and type of
stimuli that can be applied to the resulting material are
ultimtely lenited by the peoperties of the matris, e, opague
materials will restrict spiropyzae photechroenism o the surface
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Scheme 1. Multistimuk Responsive Spiropyran-Based losogel Membranes (NO,BIPS@1G) to Be Prepared in This Study,
Which Respond to Different Types of Input Signals: Light, Temperature, pH, and Flectrical Camrent
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layer, whereas electroinduced responses could only ke
obtalned for conductive substrates. In fact, the Litter mwos
protubly justdies why the electrochromic response of
spiropyrans has onoly been explored to date m solutice with
a proper supporting electrolyte and ceganic sobvents,”' "'
Therefore, to fully unleash the potential of the maltivtimeds
responstve behavior of spiropyrang, the development of
versatile plaforms that allow boch solution-Be switching sad
madtiple operstions under diderent input signab (eg., light,
clectricity, pH, temperarure, lons) Is required. To reach this
goal, we propose, herein, the use of ionogds (1Gs), solid-gel
polymer electrolytes that are attracting increasing attentics for
the fabeication of functional devices because of thetr unique
combination of propesties {ie., elisticity, Heubiity, easy
peepurativn methodology, trangurmey, high ionic conductiv-
ises, and large electrochemical and chemical stability).” ™"
Although a very mecent example of spiropyran-based 1G bas
been wpontad, ondy its lightsessitive operation has been
descrbed so far™ Accordingly, in this work, we aim to
demonstrate for the firet tene the muiti-addressability of this
dass of matersaly, which would open the door for the
fabrication of spirogyran-based smart devices with 4 beoad

varwty of applicatives such s optical memones, eloctre-
chemical sensoay, hiosensoes, and molecalar actuators For this,
we focused onr attention on 1°,3-dihydro-1",3".3" thmethyl-6-
niteospico] 24 |- L benzopyran-2.2".(2H kindele {NO,BIPS) as
1 bendchanark system, o well knvwn comenercial nitrospiropyran
derivative of rey ing to a phethosa of extomal
stimult (Schome | )24 E=H

B RESULTS AND DISCUSSION

Fabrication of Spiropyran-8ased lonogel Mem-
branes. Based oo our previous experience on the peeparation
of losogels loaded with moleculas switches ™ 1G membranes
were prepared by blending & fluoonatal polymer (paly-
(vinylidene Booride-co-hexalluocopeopylens), P(VDF.co-
HFP)), the trimethylbutylammoniom his-
(tnfluoromethylsulfonylJimide toatc liquid ([N, J[TFSI]),
and NO,BIPS in acetope, After solvent evaposation, rubbery
IG B contumng free NOBIPS malecules were oltained
(NO,MIPS@IG, Figme 1), which were found to be trans-
parent, flexble, and stretchable. These features arise from the
comvensent choice of the polymer network and the leas biquid,
where [N, JITESI) acts as & plasticizer favoeing segmental
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Figure 2. {3) Photechromis behavior of NOBIPS@IG membeanes when imadlated wich UV and stebide kght 90 inecooavent beneeen the SP and

MC states {eypsqm = 008 mg NORIPS/ g (G (b) UV—wix sharbonce specms of the SP (menal] and MC stases (i

= 365 nm until the

photimtst ko ary stase (m) % achieved) of N(1,IIPSOI(» mermbeanes. {) Optical images of 2 NOJRPSEIG membeme exposad 1o UV ight (l.

» 365 nm) thecugh «

Ik, after the PSS iy reached {left ) and dter | hunder dan UV arake

(right) tn

thenal bock-isomertaation | process. The black watanghe indicates the region of the membuane that was salysed. (d) Color tnbernaty cross mtlnn

of the bnages in (<) for dhe membrase regon within the rectangle

mebility of the polymer dsains and, bence, accounting for the
final mechanical myemucf‘hemumhmme

methodology for the preparation of spiropyran-doped 1Gs as
mule switching platforms dmgs the fabrication costs and

ionic liquid provides free carner to the 12l and
the larpe ioeic conductivities mesured for the 1G films (0.3
ms c-") As for the spiropyran coatent in NO,BIPSGrIG,
wat selected 1o meet two important critesia: (o) bigh color
contrast upoa appliation of d@fferent stimoli that cocld be
propeely guantified by means of ultewviolet ~visitde (UV-vis}
spectroacopy, and (b) good solubudity = the bquid
phise of the Jonogel to enable cptimal switching pesfoenuance
(c = 0.05-0.5 my NO,BIPS/g 1G). Actualy, the formatian of
mizoscopic aguregates of the spiropyman molecules in this
work was not ohserved for any of the concentrations tested
when inspecting the weopds under the optical microscape,
which coninibutes to their Tugh optical transparency.

Ocher arse froms our fabuicanon sethod of
wpiropyran-hased 166 On the one hasd, it is very simple and,
in contrast to previons reports,” "’ 1t can be directly applied
to commercially available switches such as NO,BIPS withoet
the newd of further derivatization to warrant functionalieation
of the liquid or solid phases of the gel. Instead, the spicopyran
melecules just lie dissolved In the loaik liquid phise of our
wnogels, which provides them with a soft, Audic and
condoctive environment to falitate NO,RIPS switching
upon illumination, addition of & chemical agent (eg., sckl),
or application of an wectrcal current, In apite of this, it mos
be noted that no leakage of NO,MPS modecules from
NOBIFS@IG Sl was obserwed s owr cxperiments even
when they were put m comtact with external solutions {Figure
51). On the other hand, owisg to the mech | atzempgeh sl
the selfstanding character of the IGx prepaced, they can be
casly shaped by cutting, thus offering signiicant advastages in
the design and Gbeication of snuet devices wing dflerent
printing methods (e.g. screen peinting or inkjet ), Overall, our
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bexity while granting to the facture of Bexible
and strotchable ymart devices.

Photochromism of NO,BIPS&iG Membranes, The
photecheomic intercomversion between SP and MC states
still remamns the most exphomted switchieg mechamsm for
spuropyrans,”’ and it has beeo widely studed in solutica for
NO,BIPS. ™ Therefore, # smst be accurately preserved in
the ionogels prepared for thee materials 1o be of redevance. As
olverved s solution, the most stble somwer of NO,BIPS
found in NO.DIPS@IG was the SP form, which mamly
ahsorbs s the UV region (4, = 346 nm) and makes the
ionogel filns exsemtially oolocless and transparent at naked eye
(Fgure 225) Actmally, the UV—vis absorption spectrum
measared for NO,BIPS@ICG fauly sepeoduced the bebavioe in
the (N, JITFSI] sadition and other aprotic palar solvents
(Figure 52}, thus indicating that the spiropyras molecules are
mainly sobvated by the jcax bgad o the ionogel

MnWﬁn&uﬁw(l-:Mimmeﬂe
colombion of NO BIPS@IG was obwerved, whech s indicative
of extensive photsceerization to the ring-opening iscaser
MC of the switch (Figar 22} In pamicular, 2 new
absorption Band i the vaible region characteristic of MC
foemation was feund (4, = 548 nm, Figure 2b), which
preverves the saene spectral featvrne n acetonitrile
and [Ny, )| TFSE solutions [ Fygere 52). This is a cear peoof
that polar MC molecules also lie well dissolved in the Sguid
phase of the lonogels at the concentrations stuched in this
work, ac ugnificant spectral changes dould hawe accurral m
the case of 7 To assowr the efficency of the
photocoloration process In the IG Sls, two defferent
paranseters were evalusted and compared to the behavioe of
NOBIPS in soluticsr, Tirst, the total comvesston from SP to

fetpn sdo ey |0 ez oM 0
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MC was found to be around 22% for the photostationary state
(PSS ) generated s NOBIPSEIG upon lrradistion at 365 mn,
a value rather vimilar to that mwassred for [Ny, J[TFSI]
solutions (28%). Second, the quantum yield of the ring:
opening photolsomertzation process was calcalited to be
Dy = 0.55 + 003 foe NO,BIPSGIG membrancs, which is
in good agreement with the behavior reported for NO,BIPS in
polar apeotic solvents Dy, p = 0.24 and 012 i acetome and
acetonitnle, respectively ). Therefore, o detrimental effects
on SP1o-MC photoiscmerization were observed  upon
introduction of NO,BIPS molecules in ionogel films,

As for the reverse back-somerization process, it was
tnvestigated both thermally and photochemscally for
NO,BIFSEIG. On the ane hand, we observed that MC-to-
SP buck-somerizaton in the dark followod o Bevt-order
kinetics with a rate constant of Ay e = 92 X 107" ' &
room temepesature (Figuee S1). This valse is ather smilir to
those measured In the [N, J{TFS] solotion (190 x 107
!, Figure 53) and in sobwnts of high polarity (kg e = 10 X
10°% 57" in ethanol at 28 "C™*), which further confirms that
NO,BIPS molecules lie nonaggregated In salution ke
domasins within the smogel films where their iminmec
phetochromic properties are preserved In addition, becanse
of the high polarity of the tonic liquid phase of the lonogel that
favees sublzuca of the MC foem, NOBIPSEIG shows a
rather kv thermal decoluration process, which nsght be
exploited for the prwpacatson of Jong-lived printesd gutterns on
the jonogels (Figure Icd) This is favoced by the restricted
diffusion mobidity of spiropyran molecules within the
muembeanes, which i much dower tan that &= liguid sdtion.
Ar a msult, embedding NO,BIPS inside the sonogel matrix
dlows spatial confimement of the photosomenxed molectiles
withis the Uradiated arcas for rather lony periods (Figure
2ed). On the other hand, if coloe fading is to be sccolerated,
irradiation with visible light can be exploited to imdeco fant
MC.toSP photoisomertzation, which we found to eccur in
NO,BIPSGOIG ot similar rates as in the [N, ] TEST] sodution.
Actually, this dlowed conducting repetitire SP~MC photo-
comursion cyches by sequential illamination with UV and
visile bght, which demonstrate the reversible and robust
photorespoase of NOJBIPS in the loaogels peepared (Figue
54}

Photohalochromism and Thermochromism of

IG Membranes, When dissobved in the waic
ligquid TN J[TFSIL NOBIPS preserves the photohalochro-
mu Ivehavior already described in other polar solvents such as
acetonitrle (Figure SS), which s attributed to the basscity of
the 4-nitroplwenolate group of its open form.”' Thus, upon
addition of o strong add {eg, HCOO,) m the dark, the
spirocyclic structure of the SP isomer opeos to yield the (Z)
MCH’ species, where the exocyclic caboe—carbon dodde
bood maistainn the cis confiparation of the tnitial compounld
wd &y phenolate moiety is protonated (Scheme 1), This
process, which can be reverted by the addmion of a base, leads
to 4 new absorptson band at 4y, « 303 nm characteristic of the
(Z)MCH™ foem, As a consequence, the sobution romaing
essentially colocess, Simaardy, acid—base ttratvon of 2 solubon
of the MC isomer reslts in ceversble formatiom of its
peotonated state (E}-MCH® with trans configumtion and 7, «
392 nm, which sakes the system tum from to yellaw
color (Schemw 1), [n addition, the (Z}-MCH” and {E)-MCH'
forms preserve the photochromic properties of the non-
protonated SP-MC couple, and they can be reveribly

erconverted wpon carboa—carbon double bond photo.
somerligion with UV and vicdet-blue light, respectively
(Scheme 1),

listerestimgly, whven embedded = 16 membranes, NO,BIPS
malecules a very similar photohalochromic bebavior,
peobably doe to the fact that they are principally solvated by
the smic bguid {(Figore Jab). In pueticular, s change (s colee

Fgure X {4) Opticd sevponse of NORIPS@IG (4 papy = 005 myg
NOLMPSE 16G) apon light and pH changes. (A) (el coboe (SP*
farn), (B} deop of 10 mdd H,50, soktion, (C) iradatcn 4 4, =
365 e, {B', €) UV inadistion of A {4, = 363 nen) fillowsd by
shiiion of HSO,, (17) axadistion of €' &t 4, = #45 nm, (D", E°)
sdlisca of tetrdbutdammeaien hypfroode (TRAQH 10 mM)
folowed by vhille light expowmre (AL = 845 um). (b) UV—is

ot ity s of G initial state of NOSIIPSERG (SP) and upos
sadficasen ((ZFMCH™)L md UV aradaton of (Z20-MCH' ((£)-
MCH") and SP (MC).

was observed whea o droplet of diuted H,50, was placed oo
top of NO,BIPSEIG, though an increase in the absorption at
Ay < 400 nem was regaternd, which is comgutible with (Z)-
MCH™ formation. Unfortunately, competitive absorption by
the lonogel matrix prevented proper determination of the
absorption spectrl maxineam of this species at £, ~310 s
Tn spite of this (Z)}MCH™ peneration could by corrobormated
by sheequent UV imadabon (A, = 35 ) Whik most of
the wembrane twned pusple colured because of SPto-MC
photolsomerization, the area in contact with the acid droplet
became yellow colored as espected for the (2) MCH' 10 E).
MCH™ photoceaversion process The wme effect was
observed when the chenscal and optical stimuli were apphied
i wverse order, which proves the Gpacty of the spiropyran
molecales withm the toaogel to undesgo MC-to-(E)-MCH®
transfosmatioen. Furth , all of thee proceoes could be
revested by illumisation wath visible light and./or addition of 2
base, thus eventually the inital colordess and
transpasent state of NO,BIPSIG. Thesefore. our results

PO o o 18 100 Lo d 1AW A
ACS Al Maree sewtoes 201 1L XAS-260 |

183



Solid Multiresponsive Materials Based on Nitrospiropyran-Doped lonogels

ACS Applied Materials & Interfaces

demonatrate the patential of i Joaded 1Gs for the
preparation of ;dwuhdochunk solid materials, as they allow
the properties of the embedded switches 1o be preserved,
warrand the access of wet chemscals (e, sad amd base
wolutions) to the matriv, aod enable confinement of the
balochsomic behavior to the cegions of the system that ae in
cantact with those dhemicals. However, it must be mentioned
that prolonged add—base treatment of the IG membranes
affecred its chemical stability, which we atiribute to the base.
Isduced Hofimann elimisgion reaction of the quatemary
ammonium cation of the [N, JITFSI] IL™" As a
consequence, a limited swmber of halochromic and photo-
halochromic cycles could b comducted before observing the
degradation of the materal (Figure 56),

Another stimades to which spropyrams G respond b
temperature, as thermsal heating can induce heterolytic eavage
of the C-0,__, bond of SP to yleld the cormesponding MC
somer. Although thss grocess 1s not typcally favored =
ceganic media where SP i the most stable iscmner, it cosdd
eventwally occur if two maim conditions are fulfilled: (a) the
presence of dectron-withdrawing groups stabillisleg the
megative charge of the phisalde moiety of MC, as 2 is the
case of the nitro ssdwtituent in NOLBIPS; and (b) dissolation
in highly polar media that ferther coatributes to the
stabiliagion of the nmmonlc MC wsemer (08, 1n water—
methancl mistures).” In view of this, the thenmochromic
beluvior might be edhibited by NO,MPSEHIG when the
spiropyran molecules lie sobfvatad by the hghly polar lonic
liguid [N, J[TFSE) Indeed, chear coloration both in the
[N} 11 ) [TFS1] sedumion {Figme $7) and in the sonogel films
was observed by just huatimg abowe 30 *C, and maximum MC
absorption was regatered at 43 °C for NOBPSGG that did
pot further increase at higher temperatures (4, = $52 nem,
Figure 4a,b), From the UVevic alworption data, the maximum
thermal momerization yidds m the [Ny, ][ TFS1] solution and
in the membranes were estimuted 1o be 4 and 5%, respectively,
This demonstrates that the thermochromic conversion from
SP to0 MC is Joss efficient than that achieved upon exposure to

the color change nduced was clear and vivid enoagh s 10 be
easily seen with maked epe.

It onst be noted that & ssor spectral shift was meavared i
our thermochromic experiments relative to the absorption of
pbotochemically generated MC molecules (4, = $4% nm),
Alhonghthhumhuahdwnﬂqk&umﬂcﬂx!oa
absorption, it caonot be overlooked that the thermad mng
opening of the SP form of NO,BIPS bas been upomsdhoytdd
different storoomomens of MC beaning distinet optical proper-

ties instead of just the predommant (E)-MC structure obtained
qon phammum Independent of this, fast decolor
of NOBIPS@IG wan measared alter subsequestly

mnlug the jonogels down to room tempersure, which
demonstrates the reversibility of the thermodheomic behavior.
This was possible owing to the exceptiond stabslity of the 1Gs
peepared even at high tempeeratures, which results from the
ble vapor pressare and intrinsic themmad stabdity of jonic

(ILs ). Dnddeed, multgde thermsochromic cyeles coukil he
measured for NOBIPS@IG membranes withost apparent
degradation (Figure 4¢). Therefory, these cesalts pave the way
for the fabeication of lowcost thermoducnse materiaks based

oo spiropyrans for smart labeling and packaging
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Fgere 4. {2) Color chungy of NOBIPSRIG crombranes (oo ™
0.5 mg NOBIPS/g 1G) when mareaung the temperature gradually
(B Varston of the UV=uis absetbance spectram of NO,MPS.IIG
with ¢ (c) V. of the abeoit at the x
mmmdhntmmlnm five Comsecutive
thenmochromic <ydes Average data & shiran iu theee independent
meavsrements i Sffereat meshrases.

Electrochromism of NOBIPS&IG Membranes, Ia
contrast to their photechromic, photobalochromic, and
etv__“ b Sl X u' od ot . i WM
spiropyrans bave been Jess explosted, probably because of the
Afculty to achieve redox usduced switching in solid matesals.
It 1s, therefore, in thes area where the sonogels prepared o this
work are expected to bave o greater lmpact, as their large
vanductivities should enalde the electrochemical operation of
spiropyran swikches In light of this, the edectrochromic and
electrochemical properties of NOBEPSEIG were thoroughly
westigated, for which we budt o the peevious findiags about
the mdorinducml behavioe of NOI‘NPG i solution: it
dimenzes upon oxidation { Figure Sa), !

Based om that, we focused on amalyzing the response of
NOBIPSGMG upon clearochemicd osidation Flgure 5b
shows the apedi region of the cychic voltammogeam of
NO,HPS@IG, which presents a one-electron and imeversible
oxidation wive at +095 V [vs Ag/AgCl) associated with the
oxidabon of the amino group of the indoline mecety to the
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Fguwe S, (2) Beatrochemsmal comverdon of NOFHIPS nun the
dimenc species SP-S1 upos eddation "' (b) Cyclic voltammo-
grarm of NOLIPS@IG (o, yps = 0.5 mg NOBIPS /g 1G) registered
tor 4 freshly peepared iooogel (solid bladk lise) wnd alier 30
commocutive oxlation corcles (ral solid lne, wan ate 0 mV ')
Geay dashed e cormespond o (nfermedate  voltamemegraoms
weasared.

comesponding mdical cation. Afer 30 consecutive anodic
cycles at 30 mV s, this wave d d, while two new
cabdation signads at +0.77 and «1.10 V (w )
with half“ge inteasity. These obscrnn?ns“fm] m
ment with previous elictrechemical wesults in solu-
thon, "V S they ey indicative of o dimerization process
of NOBIPS 10 yield o SP=SP dmver via axidative carbon—
carbon bond formatson. 1o fact, the cddation waves at +0.77
and 4110 V (vs Ag/AgCl) are attributed 10 the foematicn of
the sadical cation and dcation of the disser, respectively, while
o e sigrale are alvo observed i the cathadic region of the
voltanmogram that comrespond to the sequential reducticn of
the two nitro groups of the dimer (E,; = 08 and —1.1 V (vs
Ag/AGCL), Frgure S5). Therefore, thvese rewdts prove that the
electrochemical behavor of NOHIPS@EIG in sodation can be
decaly transferced to the state by means of iosogel
matrices. Actually, SP electrodimerization in theve matenals
might be even favared by two additional factoes, First, vince the
dfaecn of NO,RIPS molecules is largely restricted in the IL
phase of the gel, the reactivity between the neaby SP radica
catioes ot be funhe promoted. In facy, this effect has
aready been chaerved upon immaobiization of NO,BIPS anto
surfaces, which assisted the electrochemical axidative C—C anyd
coupling of the switch. Second, the use of tonic kguids o [Gs
shoudd dso increase the stabllity of the reactive radical cation
species through solvation, tha aiding the damereation
reaction.”

It is impoctant 1o bighlight that when spplyleg +12 V (v
APALCH) using eithwr 3 cabon saven-prnted  electrode
{SPE} or an ITO-SPE dectrode as o working electrode (WE),
the electrochenucal formation of the dimer in NO,BIPS@EIG is
accompanied by o pronounced change in the calor of the
material, which tums mtensely reddisharange Two man
factors account for this behavior. First, SP Smerization »
wnmesiately followed by cadation to the dcationic state of the
Aumer [SP—SP]* at the applied potential, thus Jeading to the

averall redos-indoced SP-to-[SP-SP]" transformation (Fig
wre Ga). Second, the UV—vis absorption of the
dicationic duner [SP-SPY is bathodseomicaly shifted with
reipect to the SP speces (4, = 416 and 500 nm ke [SP~
8P Fgure 6b) and, thervfore, the ionogel becomses colaned.

As SP clectrodimerization i imeversible, " the colo-
ration effect observed in NO,BIPS@IG &t £, = +12V (vs Ag/
AgCl) could not be reverted and & permunent modificaton of
the initial coleelss membrane was provoked, Le,, the materal
presents “eectrochr with v under these
conditions {Fizure ta), Spectroelectrochenscal measurements
were condacted to channctertze this dectrechramic behavtor,
for which we fibricaed a desible device with a bailcin three-
clactrode dectrodwmical cdl where 3 4 mm in dunseter
arcubar NO,BIPSG@IG membrame was deposited cato an [TO-
SPE working electrode (Fignres 6a and S10), On the one hand,
a high color contrast was found = this process, as proven by
the Lirge change in transsittance measured at 4, « 500 nm
whes trandorming SP into [SP-SPT™ (AT, = S0%, v
S9) On the other hand, the switching tsme needed to nee
X% of such color chasge was observed to be rather Jong (1, =
128 5, Figwe &), probably becaase the electrochromic
canversion emplees 4 diserization reaction that is keoted by
the spatial emcounter betwoen two S meleculs within the
somogel matrm where ddffusion is restricted. Fioally, the
electrochomec efficency (i) of the SP-eo[SP-SP]™ trans-
fonmaton was estracted from the dope of the bacar regom of
the plot between the dln?u in the eptical demsity (A0D) and
the current devaity needed to produce this chamge (Fagure &d).
The obtamed value, § = 2439 em’ mC™", & somewhat lower
than other reported results fioe electrochromic devices,” doe to
the frge capacitive camrent of both the NOBIPS@IG
meankeane and the poiated ITO dectrode used

The electrochromic behwvior of NOBIPS@IG can be
further expanded by taking advantage of the revemible
reduction of [SP=SP)™ to its radical catwon [SP-SP)* md
s neutral form [SP-SP] (eg., at £« +0.2V {w Ag/AgCl)),
These species show new diflecent dworption bands s the
visihle (du, = 360 and 473 ne for [SP=SP]" and 4, = 388
nm for [SP=SP], Figare ¢b) and nearlR regions (4, = §74
and 84 nm for [SP-SP|; Figore 6b), some of which migist be
relited o the Imtervalence churge transfer beween the
monocation and dication spedes™ As a consequence, a dear
color change from reddsh-orange to yollow takex place upon
[SP-8SP T a0 [SP-SP) transformatson, which can be reverted
after sbsequent oddation (Figuee 6a). Therefare, this opens
the door to uve previousdy oxidized NO,BIPSEHG membranes
as “true dectrochromic” systems, 1 bebavior that we also
chacactenced by mweans of spectroelectrochemicall measure-
ments on the Sexdile device shown in Figure 6 In this case,
the color contrast for the revenible electroswitching between
[SP=SP}* and [SP=SP] wax associated with a transmattance
change at A, = %00 nm of AT, = 47% {Figure $9), while the
response tme detecmuned was significantly faster (1, = 604 5,
Figaro 6¢). As for the dectrochromic reversibility ssd fitgue
revistance of the [SP<SP]¥.[SP<~SP] system, it was
wvestigated cansecvtive apphed wltages of E, = +1.1
and +0.2 V?::Ag‘AsCl} for 130 and 70 5 mespectively
[Fypeee Ge), After five oxidathon~reduction cycles, the
electrochmas: resp of the b ined rather
sable as peoven by the similar sbsorbance valoes measured at
Age = 500 mem for the dcabon and neutral fooms of the
spiropyran demer. These results, togecher with the flexibility of
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Pograrw &. () Peaible Sgplay with 4 three ebectrod e compaetment. The NOJREPS@IG membrane (oaopers = 0.5 mg NOJNPS/g 1G) & s contast
with an FTOSPE woeking ehecrode (WE) and changss ks cober when applying electen potentiae tn indece inevesible SPo-[SP-SP]™ and
revenible (SP-SP]™.[SP-SP] walonuation. (b) UV-sis sbeorptios spectra of the ingial state of NORIPSEIG (SI') and of the dtferest
reckox prodacs formed; (SP=SP), [SP-SP] ", sud [SP-SP]™. () Change m abawrbance monttonad 3t d g, = 300 am fi the slitrochremic devce
shomn in (a) before gpdyng sy clactrx pumlul [OCP, 0-100 3), at E = + 12V (v Ag/AsCL 100475 3), wnd st £ = +02V (v2 Ag/AgCl,
475635 s L () Pon of the opticd demmity Sffererce ot 4, = S(Dnnap_ld- curment Gensty paced 2t Eoow 12V (w Ag/fag(d) for the
decon deomic device shown in (&), () Swachng color reversiluity ssemured o 4., = SO0 s for the same decrodironmic device after grplyng
comecutve cpcles of E_ e +1.2V (vs Ag/ARCH for 130 ¢ and B« +0.2 V (v Ag/AgCl) for 70 < Average ot is shwn for thiee sdependeet
meassrements in da&mﬂ membranes

" Cycle

[;]n

un n v- ..l

thr dmnxhrmlul devicy  prepared, mh NO BIP\QK.
membeanes very appealing dectrochromic matesals for the
Gbeication of systenss of great technologicad wnterest, vach as
wearable sensors”’ and flexble pamels™
Multistimuli-Responsive Displays Based on
NO,BIPS#IG, To demonstrate the feasihaey of splropyran-
loaded ionogels for practical spplicationy, we built 1 simple
microfluldic architecture with moltistimuls-responsive perform-
ance (Figure S11), In this device, we introdkced four different
NOBIPSEIG membrases cut with distiset complex shapes
wsing 2 CO, ablation laser, for which we ook advastige of

> Mt 1 PN il

b prototyge device hased

their high mechanical strength and high theemad and cheancd
stability, Each oe of those membranes could then be exposed
independently to stimall of vanable nature, as shown in Figuee
7. Far the U-shaped membwane, 2 bot liquid flow (T =30 °C}
was qussed through the mucrolluidic cell 1o indwe the
thermochromic comvenion into a pink-colared MC isomer.
The A-sduped membrane wis instead put nto comtact with 4

Hh67
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on NORIPSQIC nlupul sl lomers and & suand (4o e = 05 g

NONPS /g 1G). Each form was exposed to different external stimali
T, pHL light, snd dioctric potential

hot aadi solation (T = 40 "C), which led to the
thermoladochromie  formation of the yellow-colared (E)-

An e by WLLRT D e e S
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MCH' foems. In the caw of the Bshaped membrasw, the pink-
coloced MC state was reached upon UV iradation (4, = 365
nm) theoegh a oearUV and visble marsparent window.
Finally, to trigger the electrochromic response of the system,
the square-shaped NOBISP@IG membrane was placed oa
top of 2 platinum (Pt) dectrode and an sreversible color
change froos transparent to ceange was obtalned because of SP
eloctrodencnization to yleld [SP-SP]* st £ » 4 LOV (v ).
Hence, selector and revensible thermo-, hﬂo- photo-, and
electrochromic responses could be measurned for each one of
them by appeopelately selecting the stinuhes of interest.

To further demonstrate the potential of spiropyran-loaded
sonogels for the Babrication of smant devices, we deaded to
explost their good mechanical propesties for the preparativa of
multresponsive exble displays, With this alm, 2 micrefluidic
channel was incorporated to the flexible electrochromss device
shown in Trygure 6o, thus erabling the applicabon of other
stimuls different from clectrical potentiads 1o NO,BISPS0IG
(Figuees 8 and 810), Thus, the introdection of hot water and

Pogare K. Mexble malostimed dvw i s

prottype
based on NOBIPS@IG (o o = 0.5 g NOBMIPS/g 1G). The
waterial shows Sdferem coor repomes Upon apphiation of distinct
ewernal stimuli in 2 sngle device T, i, bight, and electnca porential.

aquenus ackhic solutions resulted tn color changes coempatible
with the transfarmabion of the coloress initial SP molecules in
the lomogel to the peok MC isomer and the yellow {E)MCH'
protonated species, In additic, SP-to-MC caversion could
also be induced under UV imadiastion, while the system
presesved Its capacity to tum reddish orange when wlanx
potentisl of 412 V (v Ag/ACH) to wmduce [SP-SP]
formation. These results, together with those shown for the
ngd mecrofludic prototype, are unambiguows proofs that
somogels offer a wide cinge of advantageous properties (ie,
facile formulation, high jomic conductivities and optwcal
transparency, chemical and theomal stability, access to
chenicals from extemal solutices, and mechanical strength
and flexibiity) that make them & very promising plasfoers for
the fbsication of wmast devioes haed on multitienall-
responsive modecular switches

B CONCLUSIONS

In this wark, we have demonstrated thve potentia of lonogels to
be used as plitforms for the preparation of smant matesialy
based on multistimuli-responeye molecular switch, With this

aim, we foemulited ionogelc from 2 polyfluorinated polynver
and an fonk Bguid that were loaded with the photo-, halo-,
thermo-, and electrosensitive NOLBIPS spropymn denvative.
The advantages of the NO,BIPSGIG membranes
were found to be multifold Fist, the solutionlike ploto-
chromee properties of the switch were preserved m the ionogels
thanks to the light tansparency of these materials and thwe flad
nature of their joeic ligud phae where NOBIPS molecules
e, which favoes the birge confoemational changes seeded for
the switching process to occur. The katter aso grants fast access -
of chesmicals 1o NO,BIPSGUIG (e ackds sed bases), which
we exploited to trigger the characteristic halo- and photo-
halochromic operabions of the embedded switch molecules In
abduion, beciuse of the ponvelutdity of leaic bguids, the
jooogd membrases obtalned could be beated without
degradation to stmulate the theemochromic behavor of
NO,BIPS. More smpoctantly, NO,BIPS@IG stroegly henefs
from the adeguate lonic conductivity provided by the lonk
biquid phase of the matersl, which enabled the ekcteoinduced
operation of the molecular switch. All of these features, in
combinating with the facle prepararion, flexibility, mechanical
streogth, selfstanding matire, and shapeabality of waogels,
make these materials promising candidates for the fibacation
of 3 mage of stmullsenamve systems and devxes for
optockectronic spplications (e.g, smat displiys, chemical
sewon, secunty ik, data storage). As 2 proot of concapd,
we coustructed ngid and flexble microfluidic prototype
devices containing different NO,BIPSGHIG membranes that
conld be sadependently exposed to external stimali to
seluctivdy promote thas photo, halo-, thermo-, and electro-
chromec response.

B EXPERIMENTAL SECTION

Materiads. 1",V Disydro- 13,8 -tmmethyd 6-mitros i 2H- 1 boe-
wopyean 2.2 (2H )} mdoke] [NOBIPS) was puschased frome TCH
Chemucals (298% pur,) angd ssed withost ferther
Poly{vinyisene focridecidexafuoropropyhene) (Y VD Fe- 1 EFP))
and HOL 365-38% were u:qunul froem Merch anl wsid as receiveld.
Trimethylbutyls bl nfluceo methylwlfonyl amide
([N J[TESH]) wie porchased from Solvtonsc and dried wnder
vacusmt uing modecslar sieves foe 24 b so it 2 totdl watir contist
Lower thm (1.001%. Acetnne wa prechawed from Acros (299 5% pes )
and used o provided

Preparation of NOSIPSEIG Membranes. For NO,IPS@ G
peopurason, P(VDF-c-HIP) md.-mklg:l [N, [ TPST] weere
sined in acetoose In 4 LS woght atio, mitere was stived
oventight & room tempetature and under & N; stmosphrere usd the
polymer wax fully Secalved, and it wan finally sonkated fie ) sun
Later, the desred amount of NOSIPS was added bo the sobation and
Aasclved by stering The concentration of NOLBIFS in the ooogel
mambranes (NOLBIPSEG ) was sebected taking mto account the Slm
thicknes {fypacally, ~60 um) to obese sheorbunce value beow | in
e UVeuia spectza In mod of the cases, thin was observed for
NO.BIPS contents i the 1unge of Gy, pry = 005-0.5 ag NO RIPS/
2 K6 The wesslting viooss solution was Gat ot & cesamik
evsporating dubi and was left ot rooes temperatuse for 24 b ustd the
solverst wan completely evaperated, Eventually, 3 tranparemt, Soxble,
and daetic dn files was obtalned. Fdms could be wored for weeks in
4 owvebon withoat obsersing any detrimental effct i thele staul

TP oesive peopertien

Characterization of NOBIPSEIG Membranes, Lllinviolet—
viudde (UV—vis) absception spoctae were reconded 6 & Hananatsu
L1025 spectrophocometer and 2 HP 8345 spoctrophatometer,
Specroclectrochersical studies ware performad wuplag o VSPI00
pu—nnm asatrlal by BC.Ld V9.5 soltware to the Hanxnatsu
110290 spectroph ster, ectrochemical and spestivebectrodhem:

B ongr 1D ) G e foim a8
AC3 Al Moy bwerber X001, T8 201 81T
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e [ heseach Acicn

wal messmymente en NOBIPSHIG membeanm wore performed
wang tud dectrodes (SIE, DropSenc), & three-electrode
syitem ﬁmpmd of & cubon ¢ opticaly ranpuent 1TO
working dedrade (WE), 2 carbon counter olectrode {CE), sl 2 g/
AgCl meforence electrade Since NOLRIPSHIG membranes are
phitoresponsive, the spectroclectionchenscd mesuressens  were
perfcemed in dwontmumes mode, reconting the spectra m tive for
.5 5 10 avord the loag e exposere of the sample to the light beam.
An indrared probe (Laserliner ThenmmSpot) was ud for motitenng
thy tempecature of the IG membrane when heatod To esmate the
compesition of the SP-MC wistures upun Lradiaton, the
MC contenl i the rewlting photostaionary states wies cdsnlated by
Lambert Beer's equation wang m shwcepticn moefficent repocted in
-d 54 The SPLoMC phowsomeritation quartass yickl in the
o membrane was ddenmced wang the methodulogy nported
muﬁo" undﬁl.uhuhuduat«lmdddnth%momug
Ifonmawe”™ SP1oMC on was induced with &
Vilber Lowrmat UV lamp ol weh two 4 W tubes amithing 2t
368 nm or the Sird hamonic of 3 N YAG ms-peleed Baer (Briliant,
Quantel 4, = 365 nm), while MCcoSP back plioscrsistion
wan triggernd with 3 o liser dicde at £, = §X2 nm (Z0aser) The
thrermal bucks MC 40 SP process In sodation and
the membrancs wis svessgated i the dok sad  rooss Lengerature

hdnﬂsuhhmnmolmmm-h-hdmmt(ﬂs
Switnerl ﬂuudtnmbd&oth@u‘h&-
bt 1. Finally, both structuces were fued uvn

screwn (2 mm diseter) 10 Mow ey assembly and dissseonbly
e systemn (Digere S11d), Samples were fowed indde the devce
dieged solution of HOO, or bage dilated

e aw of the dactrochomical ompartment, no aqeeoms
wao wed w0 avold side reactives during e electroctroms
perfiemarce. In this case, bare X5 wis esed & 3 sobd electzolyte s
nuno tonee conductaity.

multianulifespensve device (175 mma in width and
4 n.ulm'h)mlurmc‘byiwhnn»lhtmm
pohmen mechanted with a laser weker (Figee S10L A 175 pm
polyaarbonate kyer vas wsod to clase the microthindic device and to
define the position of the | mm is dismeter sicrethasdic inkt and
outlet {Layer 1), Layer 2 was made of 2 175 ym thack P34 §im, which
dafined the | ron n width mcroduide channels coanecting the bnlet
and cutlet ds Layer | with a 20 ol chectrochemicad cell Layer 3 wan
Socwmed by & 175 s Bk PS4 Lipsr Bonded to » 50 pe PMMA beyer
wnd was wsed to comtact the decwachemical cell 10 fhe electro
chemical sensor. The eloctochomical senwr was feleicatnl with »
D wreen prated ITO decwreds and posttinned wing the hole

.hdllwl 1‘“““ T A e h
the photohabacheomic study, nxﬂulOmMH,SO.-hhuklo
wM THAOH solations were , el 4 ol volume of
mptnalmﬁuwpofNONSalemhm Dependng
on the state atmeed 0 reach, 2 combinaon of an aadic o bax
sokitson was waed aloag with the smadiation at A, = 445 = (sciTec ),
A = 38 i, (Deillant, Quasetel A = 368 s, or 4 = 452 am
(2 Laser),

Fabeication of Multistimab-Responsive Devices, The poct-
atle ngid mocendiidic ayvtan wac and fabocated ueag bow-
coot golymers poly(setin! methacrylane) (PMMA), double sded
preswre-semstive adhesive (FPSA), and  poly{dmethyl slovane)
(PDMS) to demomteate the fasibility of NOBIPS@IG in real
seenaros (Figare S11). The polymers were last with &
COlaer wniter (Epilog Mimi 24, Bpdog Laser). The sessl gee of the
fuide sysseen was 9 sun in begln, &3 s is width and 70 vun in
length The systern was foneued by two streues {dotosn and wop) of
different Lapers of polyoesse. The bottam dauctme (Figare ST wae
foowed by 2 PMMA Layess bonded with 4 175 m dhick PSA lager. A
bottom hlack-coloced ) mun thuck PMMA Liyer wan uned 80 svend the
Tight beam bowses dunng light expesure of the NOBTS@IG materal
mmma-mumlmaﬂmmmdm
chips used for fe clectrachromic tests. Two 11X @ mum” sficon chips
&wmdqmummmnmm-wm
this mumx o chip conmtaning two inparaled platinum (Pt

orking & a working electrode (WE) 2l & chip

coutaning theeo in. N mlawdedtiods 45 & couster
(CE) and prealo referesce clecuodes (p RE). ‘l\enkndu\m‘n
Bad an arvs of 25 o5 § em’, The b tructs beted by 2

680 i FOMS Lyer defiming the cutline of the &ur ND,II!PS@I(:
material pieces ssed for the light, pH, tempersture, and deare
potential tests, Thas biyer enabled the Bosting of the NOLIIPS@IG
pieces mnd Sawr perfect abgranent with the miorafhidic cells ddaed
n the top sroctore. Foar chapes ave defined for She tests 2 Jomer U, 2

tetder A, @ Jetter B, and a sqaey, which are weed fioe the semporature,
pEL light, and deowic potential stimdus, respectivedy. Regeding 1l
octrochermical oell, other shapes are defined tn the POMS to capose
the miacelectrodes used 3 CE and pRE Padly, tvo e
cectangulas shapes sre defined 1w dlow Se cloorial coanecton of the
chip with the potentiostst wquipowet. The PDMS liger alea
discndled the fuidic labsge botween both wudurs duneg the
i tests. The sop stucture (Figwe S10c) o foemed by four S00
e thick layors bomded by 175 jow thack PSA layors. These biyers
defined haee 75 gl wed cue 375 ub microfhidie cdlls used for
temporature, pEL light, and dectric petensad stiamadus, respecthely.
The PMMA layers abo enabled the fusdc coanection between them,
the position of the mécrothudc chreads wed in each inlet and outler

188

dedined in Layer 4 (175 gom thock dowble sded PSA Jayer 50 um
PMMA layez . Finadly, the Bexdle device was andosed by 2 50 um
ik PSA Liyer weed as 2 white backcover. A 4 mm in disncter
circolar NOBMPSGHG membrase wis deposond onto the ITOSPE
werking electrode of the elecsrochemicl senor. Samples were dowed
mode the devce suny an acche Shand lubon of HCX),
or & basic dilwied aguecns solution ol TBAOH o different
wrrgeraures
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determination of photolsoosertzation quantuns yields for
NOBIPS@IG membwranes; theemal back isomecization
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Electrocarboxylation of Spiropyran Switches through
Carbon-Bromide Bond Cleavage Reaction

Sara Santiago, Clara Richart, Silvia Mena, lluminada Gallardo, Jordi Hernando,* and

Gonzalo Guirado*™

This manusoript deaks wih Gebon capture and utlization to
syrehetize highadded chemicas using €O, as a Cl-amgank
bulkling block far C-C bond formation. The stucty focuses an
the elcocaboytation of 1,.33-timethylindalne &-romo-
benzopyrospiran switch (Br-BIPSL Price 1o the elciiocarbon-
Wation process, the sectrochemkal rduction mechanism of
'l-'sww;uwmphrmﬂmwm
diffarent cathodes uwmummmmm

Introduction

Photoswitches are a dass of molecules or anganometallic
o kenes that undengo & reverdbie Intercommnsion Detwesn
different states trigoeredd by light'" Splopyrans we amongst
the most studied of these systems, wiich toggle Detween
spirocycic (5P) and merccyanine (MC) isomers upon light-
Induced rng-opening and mg-closing reactions, respectively
[Fagaere 1177 Thess twio states show markedly dstindive geo-
metrical and physicodsemical peoperties, sch as different
eflective pKa valses!" " dipole moments (from -~ 4-6 D (5P) o
=18 D IMCIY™ e emvission propemes’™ However, the mast
remarkabie change observed Upon spirapyran photalsomeriza-
yon & the cilérence In UVwis absorbance. while SP s teams-
parent in the visble range, MC shaws a very ntense absomtion
peak i that region. Ths means thit Iight-enduced SP-MC
imerconversion K accompanied by an intense varation in
COlCAAton, @ phenomendan knomwn as photochinemism ™™

Because of the Brge change In properies ugen photo-
Homenzation, spiropyrins have been exploiled for the prepara-
tien of a wide varsty of smarm functonal materdas whose
propertes can be very pracsely controlled wsing Bght as an
externad stulus '

For most of these apphications, the photoswichable meje-
odes must be covalently attached to the Tinal materdals, such as
polymess, ™™ nanopartices, "™ tiomacromasecuks™ T and

WS Sontapa C Akbar, Ov 5 Meox Aod ! Gallandn D ) Memando,
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Unheniiar Ausdnaero de B o
e batemy (Saruebonal, TR Spoke
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B seppomny nleamation for this aice & aedk on The VWY wdir
uw&wmm&u‘mmm

= AN svied contibu Von 10 @ Speod! Collection on Caneot Trendi W
Electeocheronry 1020 for the 31 Froach-Spansh Workihep ot
Bacochariiny

ChvartecrzOuen 2002, 9 c202101595 (1 ot

aAmesghere, Once the (ol o the <athode 1 the redion

using €O, diver anmw mmmmw
efficient rouse described In the curmat work would apen 3 new
sustainable strategy far desigring and building “Sman” suraces

with mmnwam
Uy Be
4
~'. Q ir ws N\O
e0
Spirecydic Torm |$P) Merocyanine 4onm (MC)
Coloriess Colored

Figure 1. 9% o spisoprprans betmnen the chowed 9 form and
The 0 pen MC Smactore.

surfaces, ™™ whikh requires the Introdction of sutabie groups
in spiropyrans to ensure chemical functionalization. Carboxgic
i Groups are amongst the most prefemed for THs purposs, a
ey corder mokecules with a broad reactivity that enabies the
covaken bonding to substrates by smple coupling mactiors
1,9, amide bond Tomation), ™7 However, the Inomarnation
of carboxylic ackis o spropyrans s ot straighifonward,
typically involves several synthetic steps (e g, condensation of
W aromatic ddebyde with epamine indole) and mocerate
Ms‘rum

At lly, the chemical synthess of Carbmyiic acuds and thelr
derivatives e g, esters of amides) Imply the use of many
reagents, catalysts”™ or cegancdithium compounds™ at mild or
strong  conditions, ™™ i ths contest. The elactrechemicn
carboxdation of arganic molecules to produce carbany i adds
by fixing catbon dicxde has emerged dunng the last years &
an etfident grew route compared 10 canventional chemical
synthetic  methods, especially sie this process can be
pefforred  eMcently under mild condticns at atmosphenc
pressane and awiding the use of additional reagerts " One
of The mest popuar electrocartanylation strategies of organic
compoursds is based on the in sini fFormation of a carbanion via
fechaction, which In tum underngoss a nudecphdic addition 1o
CO, 1o yeld the carbaxylate usctional group (Figure 21, The
success of thes approach Is strongly related to the stability (1.2,
Ifetime] of the anion Tormed in the electrolytic medium. n
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Mgure 2, Beprasentation of the electrochemical carbosylaton of and habdes
g O,

order 1o Increase 15 Metime |1 5 tighly desirabie to decreass
e rediction potentidd at whikh the carbanion is produced
This goal can be actseved by the use of aryl halides, which can
be electrochemically reduted kading to the desred andonk
species after C X bond cleavage at relatively low potertials in
orgarc aprotic solvents.™

Given the advantages of electrocarboxdation processes and
their reported waccess on smple. moded anyt hakdes such as
bromobergene, ™ herein we attempeed the cirbaxylation
reaction of much mare challenging spiropyran substrates by
encrochenical reduction of a commercially aailable bromo-
spircpyran derrvative under CO, amosphere, [n addition, the
effect of the mature of the cathode |carbon and siver) was
evalanted (n terms of peformance and enengy effickency, sice
it 15 well known the eectrocatalytic effect of using skver in the
reduction of crganic halides ™ Our work therefore showtases
a new onepot and facle strateqy for the functionalization of
the spropyran backbone using CO, (a5 a C1-buldling éock) and
mmctrochemical techmigues. Such an atiractive and  envedron-
mentally friendly approath could grant access to a broad
varmty of cabacylated spiropyran dervatives, wihich could be
eventually applied foe the design of smart surfaces and devices

Experimental Section

Reagents

15,5 rimethvfindakne-6 - bromobercopyrdespircparen  (Br-BIPS,
pur. 58.0%) was purchased from TO Chamico’s and uzed withount
further purification, High purity €0, and Ar gases 0C S01 used &
e satechamical measuements and  dectiosynthesis  were
suppdied by Linde

Anhydrous and extra pure Tetrabutyammonium hesallsocphas-
phate, (TBAPF,; pur. = 99.0%|, lodomethane IMel pur. >92.0%)
nd antpdrous sofum  sulfate N SO pur. S990%) were
acquired dom Meeck Antrpdrous NN-dmethylformamide (OMF,
pur.>»99.5%| and sohydeous dimethyisufoods (DMSO: pur.
>0 E%) were purchased from ACos Quganics, Bom solveats were
dried under activated molacufer sisves of 4 A proe ta use to ensure
witer content< 100 poen for 1he cloctrochesncdl swaiusmants
nd okcroryntiwsic

Dichbaromedvtan: (DCW, pur, > S8 W), sberane gnr, > 98%) and
il acetate (pur. > S8%) used %o the purifization of the peoaducts
prepared by electrosynihesis were chtained from S0S and used as
received

(SerflerneChery 2022 4 232101559 1208 %

192

Instrumentation and procedure

Floctracherical wudies were performed by gyclic soRammetry |CV)
using the potenticstat Wockstation CHinstaument and controed by
The witwire CHEGND V1408, For thise mmudarements, & thwee-
elactrode system and a thermestanic electrochamical coll was used
Glassy carbon (WE, 1mm of chameter) or siver (WE,, 3 mm of
diametsr| wese Usedd as working elecyodes, whin a platinum wire
andd b seburdted caomed slectrode (SCE) were wsed as counter (CE
sl reference Fef) electodes, repectvely, Bath CE and Ref
sloctrodes wese separated fom the dolulion by a sft-bidge
Solutons st different concerration of Be-BIPS lin the range of 3-
10 mMI were prepared o DMFOY M of TRAPF, Prior to each
mexswement, the solutions ware wh exher Ar or €O,
depending on the Type af study in each cave In the s of €O,
Qas, the flow was controled uung a Maes Flow Mator,

Tre Bulk Bectrolysds were camsd out at comtmbed corstant
potential usng the petentiontat EGAG Princeton Aogsiiad Research
moded 273 A For these esperiments, we used the same ekcwo.
chemxal setup a5 for OV messmements but replacing the smal
diameter sized WE or WE,, Jor 2 lage axa graphite rod jasa
~B o'l or s foil (ares; ~ & o), respectively. For the slectrobyss
af Be-BIPS wrdder iniet atmasphere, the solution was pueged with Ar
far 10min and then the comespanding reduction potential wes
applied unE a total charge of 2 F was passed (- 235V when using
WE and 200V for WE,, vs SCEL For the purification of tho
procducts after the slectrolyss, firstly the sobeent of the reaction
micture wii emoved usder vaoum and then an exacticn o
distrrd ether: B0 (2:1) was performed. Then, the organic phass
wirk washed for three times with water (2:1 wv ratio}, deied with
aripdicus Na, 50, and the sobvent evaperatad In vacua

Andfoguusly, for the elecirolysis undes €O, mmosphere, the
salution was sturited i this gas by bubbiing for 20 minutes. After
that. a constant redhuction potendal was applied unbl 2 F of total
change were resched (-2.35V when wning WE, and 200V Tor
WE,, vs SCEI. immediataly after, 10 equivalents of Mal were added
to the wclution to derivatize the carboxyiate goup introduced and
tacitate the isolation of the msulting methylated product BIPS-
COOMe. The soheant of the repcthion macure was ramoved under
vacuum and punified padorming a preparative thin bysr chroma-
tography {TLCL & musture of nhaxane and otiwd acetate (80.20 wiv
8ti0) wens used 33 4 mobie phase,

The peoducts BPS and BIPS-COOMe cbtained after the slectrogym-
these of the reagent Br-BIPS under Ar and CO2 atmesphere,
respeciively, were dharactenzad by atteruatad total reflectance
réeed spectsoscopy (ATR-FTIAL M 'NMR on a Bruckes spectrom-
eter DPXI60 and slectronpray mass spectrometry €51-1/5)

Br8IPS. 'H NM2 (360 MHz. Criorofoom b & 1.16 (5, 3H), 1.29 5, 3HL
271 (8, J= 16 Hz, 3HL 572 (d, J=103 Wz, 14, 653 (d, /7.7 He.
1H, 660 4 T =03 He, 1H) 6.78 il /= 10.2 Hz, |HL 685 (i, )= 7.4
100, THY, 7.07 (dd, J<73 13 Hs THL 716 ot J-54 39
1AM 3L ESIMS mz found far G, H BND (M < Hi: 3580781
1100 %) 3590800 |24 4% 3600773 }07.2%) 361.0796 (19.9%)

BIPS "H NMR (360 MHz, CDOL) 6 118 (5, 3HI 132 {8, 3HL 274 s,
34, 588 |d, J=102H 19, 654 (6 J=77Ha 1HL 672 (d J=
81 M, 1H), 478-689 {m 3H), 7.01-7.14 {m. 3HL 719 Itd J~74
13H, HL ESIMS: miz found for C H NO O < HI: 278,1538
A100 WY 2790572 1211 %5 280 1604 (2. 3%,

BIPS-COOMe: 'H NMR (350 MHz, CDTL) & 119 (5, 24, 135 (5, JHL
27445, 3HL 300 {5, IHL 57T 44 7 W00 M2, THL 655 (o, /- TEHe,
TH), 673 [d, /=76 He TH, 682-600 (m, 24), 7.10 4 /=72 Hz
1H), 717-728 dm 2HL 78 Iy, 1H], ESI-M5: mz found for ) H,NO,
IM < HL 3341581 (100%); 337.1614 (2329%): 3381700 (7.7 %L
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Results and Discussion espective of the working mlectrode wsed, the rreversibiity

Bectrochemical reduction of Br8IPS m DMF
ERctrochemical study wnder inert afmosphere (Ar)

The elecuochemical behidor of the compourd Br-BIPS was
shadied by CV at diferent <oncentrations {1-5 mi) and scan
rates §0.1-1 0 V/s) under inert conditions (A using KN-dimeth-
Womamide (DMFP) a5 a solvert and OO M of TRAPF, &5 a
supporting electrolyte. As an example, Figure 3a shows the
electrochermical response of a 5mM wolution of Br-8PS
recorded at 0.1 /s scan rate and using two diferent working
cathodes: glassy carbon (WE.) and sibver (WE, ). Figure 30 shows
the cyclic veltammogram In a first cathodic scan, from - 1.60Y
to —2.70V vs SCE, for a 5mM solutton of BrBIPS using WE..
Two rreversible paaks were found at B, = -223V and 247V
(vs SCEL, which couki be attrbuted to two- and one-lectron
rechction processes, respectively (Fagure 3b) 1 & worth noting
that, when W, wiss used as 4 working electrode instead, the
two-electron wreversible reduction peak of BrBIPS was regis-
tered gt £, =—1.92V vs SCE| (Fagure 3a). This potential shift of
0, 280 mV 10 less negative values Indicates The eecrocatalytc
effect of the use of sibver &5 a cathode (Figure 33)

3 _._g 00!
% B OE4+
.
g —e
2483 —
A 20 8 12
Poterdial (V) vs SCE
b)
%
2
4
5 B0E3) v ===a.8F8
i 2o 18

Potertial (V) va SCE

Pigure 3, ) O regatered for 3 5w sokaton of BraiFs m DW 0.1 M
TEAPE, under fe smoaphere and sang sither o sy caban or whar o
wothing e ectrodes oo e (01 WL R CV5 iegetened fara 5 mM
vaution of B8PS in DVEQ M IBUF, wnde A amesphine ed cung
o ity Carom a5 3 WE (o rate < DLF VASL Two differerm independent
messeremments e show, which d#er in the minmem potental of the
scan. In Lot cries, 2 o decron brevirsbiv wared a1E =~ - 223V wea
chuersed

of the twoelectron raduction wave measured for BrBIPS in
DMF under Ar atmasphere ndicates that there 15 an ireversible
chomical reaction coupkd ta the electron transfor to this
compaund. To determine the nature of this chemical reaction,
the dependence of €, with the scan rate (vl and concentraticn
ware examined by OV From the plot of €, vs log ¥, a lnear
selationship was fourdd with a slope value of 35 MV, whereas no
varlation of the cathodic peak potertial was chserved with the
8r-8IPS concentiation In solution (Figure S3) Merce, 11 &
possible to condude That the chemical reaction coupled 1o the
st recduction process = a first ordes reaction,

In order to disdose the nature of the product rreversibly
formed after the electrochamical reduction of Be-8IPS, electro-
Iytic processes at a controled canstare potential [vs SCE) of
~2.35V (for o carben graphite rod electrode) or 2,00V (for a
siver foll elactrode) were conducted In DMF and under ivert
atmosphere. These electrolysis experiments were simultang-
ously monkored ty CV with WE,, where we cbserved that the
reduction peak at £, ——223V (vs SCE) assoclated 10 the
reduction of Br-8IPS gradualy decreased, and a rew cxidation
peak a1 £, = -+ Q70 V {vs SCE) concomitantly Increased with the
mpection of charge (Figure 52). Afer the passage of 2 F, the
Secollic mixdume was treated and the Imeversdde prodod
{formed was solated and analyzed by M NMR, ESI-MS, ATRFITR
and UV-vis spectroscopy. This allowed us to assign this product
10 the debrominated compound BIPS, which was obtained n 2
56% yseld when using the carbon graphite rod as a WE and 2
9% yiedd for WE, The remaining 30% and 9% respectively
correspond to unreacted starting materal. Interestingly, this
assignment was  consisters  with two  significant  features
absarved In our CV maasuremants, On the ang hand, the anodic
peak emergig during the elecirolysis expesiments a1 E, ~
+DAV (vs SCE) for WE: could be atritated to 1he bromade
avon prodaced dunng the debrommation of Br-BIPS (Fig-
ure S On the other hand, the second ane-eleciron redu-
tlon wirve segistered for Be-BPS at £« - 247V (vs SCE) with
WE: matches the cathodic pesk measured for g solution of pure
BIPS in DMF under Ar atmosphere €~ - 250V {vs 5CE) uzing
WE, Fguesd) Therefore, the latter further supposts the
formation of BIPS after the two-electron reduction process of
BrBIPS.

From all thes data, we conchude that the electrochemical
mduction of Be-BIPS procesds through an ECE mechanism
{Scheme 1), First, an ekectron transier (B) takes place where the
comesponding radical anlon & foemed (1Br-BIPST *), Then, 3 fast
arder dwmical reaction (€] leads 10 the cwavage of the C-Br
nond of 1% compound, thus produding the radical intemwd-
ate species [BIPS]". Subsequently, this radical specees is reduced
again by a second ¢ectran transfer (E) yelding an ansanic form
([BIPS) 3 This second redcion Sep must préesent & bess
negative poterzial than the first dectron transfer &7, E7),
which would explain why a single cathodic wave assodated o
2 tworelectron reduction process was cbeerved by CV, Finaly,
the anicnic form [BIPS) 15 pratonated by subtracting a proton
from the sclvent or the tetrabutydammonium lon of the
supporting clectrolyte, elding the final product BIFS,
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Electrochemica’ stindy under satrated atmesphere of CO,

A the reduion of Br-8IPS leads 1o the formanon of the
carbanonic intermediste BIPS , we endsaged that this spedes
could react with CO, to produce the target dectrocarboxylated
spropyran derhvative To walkdate thic hypotheds we fist
Investigated by CV the electrechemical properties of BrBiPs n
a 7Smh CO, DMF solution (Figure 4% Mainly, the same
ehavior previousty obsened under Ineft atmksphene was
registered, and a two-elactron irmeversble reduction peak at
E. = =223V [vs SCEy or —1.92 V (vs SCEB was detected for WE,
or WE,, respeciively. Themfore, the electrocatatyt offea of
the siiver sdectrode was sqon demensirated, When using WE,
an addtional (mevessible cathodic wave o E - 260V |vs
SCE] was measured which can be asttributed to the eectro-
chemicad reduction of the €O, present in solution **

This was further proven by analyzing 2 purs DMF sample
saturated with €0, by €V, where the same reduction peak at
E, = -240V [vs SCE) abo appeared. In view of these results, it
is possitle to condude thal, = the presence of <O, the
reduction of Br-BIPS follows the same ECE  medhanem
previousdy establshed under inert atmesphere, where the
anianie Intenmedate BIPS & elecirogarerated

Noticeably, when recording the full voltamimogram of Br-
8PS under (O, atmosphere after the first cathodic saan fe,

Oreriiecrolben 2002, £ aX2101559 U od 0
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— (WVE.} B-EIPS snder O,

e (WE, ) B8PS uncr €O, - (WE, | CO,

o~ o0
% -0.08-4

RY X0
g
| 3
8 2423

28 24 20 16
Posential (V) vs SCE

Figues & O\ jican rase = 0.1 %00) of & S mi wolution of Be28%% in OWF/00 M
THAPF, under the presaace of 00, wing sither glessy carbon (Mlock sold
lirw) or whoot s WE Ehow sched bnel For the conw of 8E_ the
elevochemicl responmie of CO, 0 neat DAF O 1 M TBAPF, solution |5 2o
ghen iue cashed bt

Mter wrevensitle producing BIPS | two differen oxidation
waves weee chaerved iIn the anodc regon (Figure 5) One of
Them appeared at £~ +O70V (vs SCE) for WE, which as
previously mentioned, can be assigned to bromide anlons and,
theredore, Is compatible with the reductive debromination of
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25E-3 obtained through the nuckophilic attack of the lecrogenar-

20E-3
1563
10E-3
SO0E4

Current densty (Alom’|
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a2 n4 Q€ 03
Potential (V) vs SCE
Pgure % Cyoie v kammograms socrded tn mantnr the electroche mical
reaction of B8RS performed o 3 controtbed constant potental in a pasally

saturated sl uton in <O, ining glvsy carbon an 3 WE The OV wene
tvecedud & (30 Vs n OME/OT M of TBAGE, Daom 020V 10 030V,

Er-BIPS. As for the second of the anodic peaks, It was regusered
at E~ <040V |vs SCE) for WE;, and, mare mpartantly, was
not obsenvad neidther in the se of the ekctrachemicd
measurerents of BrBIFS nor the electrowynthess of BIPS
uncier inert atmosph ene,

Consequently, this suggests that a different procht s
chtaned when conducting the sectrochemical reduction of Br-
BIPS In the presence of CO, wiich must give rise 1o such an
additional oxidaticn wave We tenfatively attributed ths new
peak to the cxidation of the carboxylste anlon |BIPS-COO |

=

ated anlopke form BIPS  to the <O, molecules present n
sclution |Scheme 2|, The low axidation potentia wvakie obtaned
for the carboxylite BIPS-COO0 derwative 5 due to the aromatic
electron rch sygtem of the indole maiety. Similar anodic prak
potental values were observed for other aromatic electron rich
heterooyties, such as thiophenecarboxlate dervattves ™'

To corfirm the rature of the product obtaned, bulk
clectralyss of 8r8IPS in DAY and under CO, atmasphere were
performed applying -235Y {vs S5CE| or ~200V (vs 5CE) for
graphite rod or siver foll cathodes, mspectively. The electrosyn-
thesks was stopped after the passage of 2F «a. 20 minutes| to
avok] the obtention of non-cesired overreduced compounds
despite the fact that the reactant was not Illy consamed, as
further dacussed beicw. To faclinie the isolation and kdentl-
Neation of the decirocarboxylation product 10 equivaients of
CH,A were added to the solution after the electrosyrthests to
further dertvatize BIPS-COO " and obtam the methy! ester BIPS-
COOMe. The resulting samples were treased and the products
generated waere purified and analyzed by 'H NMR, ESI-MS, ATR:
FTR and UV-uis absorption spectroscopy. As shown in Flgue 6
three main compounds wem idendified in this way: M the
urreacted starting matenal BrBIPS, which was recovered: )
the byproduct BIPS in ca 30% yleki for both electrodas, which
should anse from the campeting profonation reaction of BIPS
wih the sohent or the supporting ectrolyte; (1K) the desired
carboxylated product BIPS-COOMe wihich was cbianed n
16% or 35% yiekd when elther carbon or sdver cathodes were

E e, B
B +1le e —-—11 N\ O B
ee-Eps™

Be s

. —

c + Br
N e ——— N .
§ ar \ Q
L |nos)
E 7
" . + e = N\ [n]
jswsy BIFS”

" =} + (0, ——— O‘/Xbmo

Bips

Schemme 2 Bectiotemc | redaction medhanss o FrBPS & DATF AL M TEARY, satirated mrh CO, whach sventiaily eads 1 the fosedoen of the

vhececarbosylited product 295000

Crem€lecrodhore M2 % «I0N01558 (5 of
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Figure 6 Repeesentation of S dtieent products cbitzined depending on the condions of the setrolysis and the yisid seaited in each case

omployed (31 % and 54% yidd ¥ the recovered initial reagent &
taken into accounty From This cata, we coldd not only verify
the electrocarboxylation of BeBIPS as shown in Schéme 2, but
ko ondude that the use of diver cathodes 1o condct this
process presents several advantages resulting from  thelr
electrocatalytc properties. Frst the reductive deavage of the
C- 8 bond of the stating material takes place at bower
potentals, which makes the reaction kss energy consuming
and, mare Importantly, ncreases the lifetime of the resulting
reactive carbanion, Second. this wads 10 bath lager conversion
of the Witlad starting product (Up to 65 %) and fomation of the
target electiocarboxylated compound, wivch is eventualy
obtaned ol moderate yisids (ahout 50% 18king Inta account
the reactant consumplion),

The elecrochemical response of the farmed product BIPS-
COOMe was compared to those of the precursor Br-BIPS and
the byproduct of the reductive electralysis BIPS. As shown in
Figure 7, the potential of the cathodik peak assaciated with the
firsk electron trarcfer toward these compounds varies depend-
ing on the natume of the substituent at the benzapyran ring.
This behinior is related 10 the electronic charactes of each of
these grougas. In the case of Br-BIPS, £ is about 249 mV less
regative than BIPS; Le, 11 shows & larger terdency o be
reduced than BIPS. This mears that the Inductive election
withdrawing effect of the brormde substkuent n Br-BIPS &
mere Important than its mesomernic electron donating effect.
The nature of the areversdble twa-clectron transfer reduction
process of BIPS was investigated by conducting a controlied
potental glectrolyds of this product a8 - 26V ws, SCE under
nitrogen atmasphere. This reveakd the farmation of hydio-
genated byproducts by reduction of BIPS akfinic bonds, a
finciryy that cortoborates the need of carefully contrelling the
conditons applied during the reductive activation of Br-8PS 1o
product the réactive spedles BIPS @ Lecarse of the small
differsnce i potential of the first cathodc waves of Br-BIPS
and BIPS, the use of too long electrolyss times or lage £

CrerEecroCure 22§ o 20210155806 of %
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0.04

-5.0E-4+

Vi

L 18E-34

— B8PS
— &IP3
——BIPS-CO0Mn

24 20 18 12
Potental (V) vs SCE
Figuee 7, Noe moband CV representing the electrochemicat red uction re-
spomw of B80S, 21P% and E9S-COOMe tn DMFIOL M TRAPE, with WE.
Plaxse note that the socond resuction peak obierved for B8P3

conmesponds 1o the peduction of the BIFS mol eciies foimed e e (it
whectron tramdee v tion

-2 AE-34

28

values could lead 1o the formaticn of undesined ydrogenated
bygroducts of Be-BIPS, Finally, in the case of BIPS-COONe. 3
further decrement in 1he absolute value of £, was regstensd
(M7 mV celative 1o BIPS), which can be attrbuled to The
presence of the strong electron withdeaning ester substuent

Photochromism of dectrochemically synthesized molecular
switches

The photochvomic esporse of spiropyrans BIPS, BIPS-COOMe
and Br8IPS 05 mi was expiored In dimethy! sabfaice
(DAMSO) at room temperature [Figure §), As expected, the mast
thermodynamically stabie somer, for 8l the Three compounds
In the dark, was found to be the spirocyele farm SP, wih a
maximum absorption peak located at ~295 nm for all three
savples and a molar absorption  coeffiient of z-3310-

2002 Wi WEH Ernbit
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Figure B Absortarce Uv-ns specya of 5 05 mid in DVEO of the reactnt Br-RPS shoming the photoch iomi response of the mafeodar swinh and the
phosachramic reepome of the setches, BPS 3nd BeBIPS 0.5 mAl m DRSO, slectrochemicaly chitaced Toe sastching Setween the chosad (58] to e cobored
IMC) forrns foe the Sfferast mobeculor saitcio ware achkved whtan radiating ot @312 mm The back comes 1w 10 the SP Foem was sctally seachod

spontanecunly cuer tane in the cerk

4585 M 'cm ' (Table 1) Ater iradkation of the samples with UV
hight 1312 nmj, the closed SP Isomer opens vir C -0 band
breakage leading ta the formatton of the open MC form. This
results In cokwgtion of the soluticn as shown In Figure B,
because the mencyaning lsomer amed presents a new
absorption band at 573-601 am.” An lypsochromic sivit in
absorption was noticeabsle when companng the A of the MC
feem dependng on the nature of the substinuting group at the
6 postion In the benzopyan molely; Le, for BIPS-COCMe
relative to BIPS and Be-BIPS,

It was found that, after rmadabon at 312 nm for 2 minutes,
al thrae molecular switches reached their photostationary state
FSS). The photochromic bhavior of the switches was 1otally
reversible since the initial SP form was 1ecovered when the
solution was let in the dak over time due 1o themal back

Isomesization, obtaining 2 100% yield back conversion. Some
differences were found In the back conversdon rates from MC 1o
SP. This fact 15 directly relatad to the stabibty of the MC form.
which in the case of BIPS was lower compared than for Br-BIPS
and BIFS-COOMe. The presence of the electron-wthcrawing
bromo avd ester substituents at the pava position of the
phenclate group of The MC torm account for this result, as they
ald stabiizing the negative change of this group. Actually, ths
explaims why, In the case of Br-8IPS and BIPS-COOMe, greate
corwenlors 1o MC coudd be cblansd compared to 8IPS
(Table 1 and Fegure 55). Thus, it can be determined that it &
possihle to electrachemically access a variety of molecuar
switches wth phatochromic propertias,

tme Sate S P E M o) A NG B V) j
BrEPS 5 237, shinbddes 1623Y 01585 P¥E) |
M bl
(18 o
MW a@n
aps ) 236 (K270 00342 15
S 25
M s
MCH 418
0P -COONn » 292 (ET19 o -1
o 26
M 573
Mo a9 ‘
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colored, protonated MO Tomn is observed By means of sbsapdion specoscoy for Jl thiee compoends, which can revent back to the ungeaton sed 58

viete wpon machation ot 432 nm

Phato-halochromism of slectrochemically synthesized
molecular switches

In addmion. 1t was Ao determined the responsiveness of the
spropyran photosaitches developed n this work upon changes
in pH, Le, their photo-hatochromism For this, we consider the
wue of sightly add media, where the SP darm of spiropyrars &
known ta remaln unpeotonated because af 1ts low pHa whike
the more basic MC somer must hecome protenated nto MCH*
VSN As seen in Figure 9, 1his was proven by iradiatng with UV
light aocic DMSO sclutions of Br-BPS, BIPS and BIPS-COOMe:
instead of observing the blue mboeation arelng from MC
foemation with &, 550 nm we obtained yeliow solutions
With ey absorplion bands with & macdmum wavelangth
located around 409-428 nm, which are generally asaribed to
the pratonated merocyanine form MCH {Tabie 1), This process
was fcund ta be totally reversible, as the MCH® farm of Br-
BPS, BIFS and BIPS-COOMe could be flly converted to the
initlal, non-pratonated spiropyran state when raciating at
442 nm,

Conclusion

The efectrechemical reduction mechanism of Br-8IPS has been
dsdosed under nitragen and CO, atmaspheres using oydic
volammetry and control potential edectrolysis under nitrogen
and ¢wbon dioxide atmospheres wsing Geban and  sibver
cathodes, This study proves that the sectrochemical reduction
follows an ECE mechanism invohing & C-Br reaction Cleavage
that Takes place after the first electron transfer. Based on these
data, compound Br-8IPS has been used for aclivating, vakiz-
Ing and capturing CO, since the elecrogererated BIPS anon
reacts with €O, thcugh & macleophiik attack. The use of siber
cathodes allowed achieving moderate yields and efficiencies of

Orerdivcroliem 22 ¢ 202101559 10 of B
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electrocarboylated products under mild condtions thanks 10 its
slectrocatalytic propertiss, Firally, the green effident elecno-
chemical route described in the current work would open o
risy sustainable strategy for desgning and bulding “smuart®
surfaces with saitchable physical properties by s vsing €O, as a
Cl-organc busdding block.
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Annex |: Fundamentals of Electrochemistry

Annex |: 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 1.

a) b) "
il E E Fc*+e” — Fc
<
g £
= 2 %
=]
alE
il A c Fc — Fc* + e
T T T T T T T 7
E, E, 03 02 01 00 -01 -02 -03
Potential Potential

Figure |. &) Triangular signal sentin 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 !

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.



Annex II: Screen-Printing Technique

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:

Ox + ne~ Red (eq. 1)

I. I Transport of reagents to the electrode surface by diffusion
[I.  ET on the electrode surface.
lll.  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.

ELECTRODO REGION DE LA SUPERFICIE ELECTRODICA SENO DE LA
DISOLUCION
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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.



Annex |: Fundamentals of Electrochemistry

Under conditions where no mass transport takes places, the CV is governed by the
Butler-Volmer equation (1):

I'= £F Ak exp |+ 52 (E = E)| - {(Coxdo = (Creado - exp [ 7 (E—EO)}  (eq. 2)
k;“” =k, exp (_ggd)) (eq. 3)
ks = k;(E = E®) = k;,(E = E°) (eq. 4)

Cox and Cireq 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?), R is
the gas constant (8.31 J-K'1-mol?). The applied potential is refereed as E while, E° is the
standard potential. a is the electronic transfer coefficient (0 < a < 1), ks is the apparent

ET rate constant, and @ 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.

dCi(X) —ZL'F de
Ji(x) = —D; i rr Ditige

+ Civ(x) (eq. 5)

Ciis 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:

6C0x _ 6260x
( St ) B D0x< 5x2 (ea. 6)

ScRed 626Red
( 5t > = Dgea (W (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)
. Attimet=0->x20
When: t20y X =% - Cox = Cox Y Cred = O (at the bulk solution)
IV.  When x =0 andt > 0 (that is to say, the electrode surface), the Nernst/Volmer
equation is fulfilled and there is no accumulation of chemical substances, then:

6C0x 6CRed
=0 .8
(6x>+( 5x> (eq.8)
((E—EO)F>
Cox = CRea " € KT (eq.9)
Where E is the applied potential, E = E; + vt and the current defined as follows:
6C0x
I =FAD - ( ) .10
o (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 (lpa = lpc) and the value of Epc and E, . are
constant throughout the range of scanning speeds. This type of behavior indicates that

there is no chemical reaction (C) associated with ET.

E

Ox + ne~ Red

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:

1
_ 12 (Fv)?
I,=0446-F-A-c-D (ﬁ (eq. 11)
0 RT
E,=E"—111- (7> (eq. 12)
RT
AE, = E, — E%1 = 2.20- <7> (eq. 13)

vi
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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:

I

— 1’7’1 7 (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

lo T Ep, and AE, 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 Epe.. From a mathematical point of view, two
new kinetic parameters a (electronic transfer coefficient) and ks** (apparent electronic
transfer rate constant) are involved in the previous equations that define the

electrochemical parameters.

F'U 1/2
— 0 1/2 1/2 1/2
I, =0496-F-A-c°-DY2. g% .y <W) (eq. 15)
E =E°—0.78 (RT) (RT) I (“DF)+(RT) In k% (RT) 1 16
P YO \ar) T \2F) *\RT aF) s 2ar) v (eq.16)
RT
AE, = Ey — By = 1875 () (eq. 17)
2 a

As can be deduced from the equations, for this type of mechanism, there is a

dependence of Ep on the scan rate:

29
(86E,/8logv) = -— at 298 K (eq. 18)

Vii
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For values of ks greater than 1 cm s, 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. ECiMechanism: ET coupled to a first order chemical reaction

In this mechanism, a first ET takes place followed by a stage C:

Ox + ne~”

C
Red T» P (eq.19)

The concentrations of the electroactive species involved in ET are defined as follows:

6C0x 52C0x

(52) = o5 (5.2
5c 5%c
(F22) = Dieq (ﬁ) ~ K Chea (ea. 21)

The system of differential equations is solved by imposing the same boundary
conditions. However, in the case of an EC: mechanism, the term A appears, which gives
kinetic information related to ET and stage C. Specifically, it measures the competition
between both stages.

()Y

v

When it happens thatfA = 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.

viii
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N[~

Fv

I,=0446-F-A-c°-D'2. (ﬁ) (eq. 23)
o RT

E,=E°—1.11- (?> (eq. 24)

RT
AE, = E, — Ep1 = 2.20 - (?> (eq. 25)

2

%y )\ _ 0 26
Slogv ) (eq. 26)

In a second case where If A 2> « (k 2 « or v = 0), the determining stage of the

reaction is stage C. In these cases the term a and Ks are introduced

1/2

I, =0496-F-S-c%-DY2.ql/2.p1/2 (157) (eq. 27)
E =E°—0.78-(E)—(H)-ln(ﬁ-ﬂ> (eq. 28)
P F 2F v F
RT
AE, = E, — Ep?l =1.875 - (ﬁ) (eq. 29)
< OF, ) = —29.6 (mV) (eq. 30)
6logv

Unlike a slow ET where no chemical reaction is coupled, it is the width of the AE,
peak. While for a slow ET where there is no C, values of ~94 mV are obtained, for an

EC: 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 EC;-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. EC2Mechanism: 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.

E

Ox + ne~” Red (eq. 31)

C
2 Red T» P (eq. 32)

The concentrations of the species are defined by the following differential

equations:
(66095) =D 62C0x 33
6t — Yox sz (eq )
6CR d 62C d
( 5: ) = Drea <TR; — 2k - Crea (eq. 34)

As in the case of an EC; mechanism, the term A gives kinetic information related to

the chemical reaction associated with ET.

e

There are two different situations. i) If A > 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). i) When A & « (in the case where ki~ or
when v > 0), the process is controlled by the chemical reaction. In this case, the following

expressions are obtained:

F\1/2
I, =0496-F-S-c°-DY2.q/%. p1/2 <ﬁ) (eq. 36)
E,=E°—0.78 (RT> (RT) l (kc RT) 37
p= ' F) \2r) "\ F (eq. 37)
RT
AE, = E, — Ep1 = 1.875 - (—) (eq. 38)
> Fa
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Thus, the different mechanisms found in this thesis were determined by studying the

relationship between the parameters §E, /Slog v and §E, /5log c. Table 1.

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.

M 6E,/bdlog v 6E,/dlog c

Fast E 0 0
Slow E +296/a 0
EC1 + 29.6 0
EC: +19.6 +19.6
Reference:

(1) J. Bard, A.; Faulkner, L. Electrochemical Methods: Fundamentals and
Applications, Ed. 2.; Wiley, Ed; Texas, 2001.

Xi
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Annex Il: 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.

Stencil
¥
f Irlk Mesh

Sy .
el

Printed Pattern Substrate

Figure Il. 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


