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 I 
 

Summary 
 

 

Molecular electronics aims to employ individual or an ensemble of functional 

molecules as active components in devices. To progress in this field there is a clear need 

of immobilizing the target molecules on surfaces. This Thesis is focused on the 

preparation of functional molecular self-assembled monolayers (SAMs) for the 

development of smart switchable surfaces and electrochemical sensors. 

Electrochemically switchable SAMs based on redox active molecules have been 

developed. First, two methodologies have been demonstrated to prepare SAMs on gold 

based on an urazole organic radical. Urazole radicals show limited stability in solution 

since they tend to dimerize and are not possible to be isolated in solid state. By generating 

in situ the radical or by employing a SAM of a radical precursor, the radical SAMs were 

successfully achieved exhibiting magnetic and redox activity. Secondly, SAMs of 

semiconductor quantum dots (QDs) functionalized with ferrocene (Fc) have been 

prepared. The emission intensity (optical output) of the QDs was tuned by changing the 

redox state of the grafted Fc (electrical input). Highly stable and reversible binary and 

ternary switches were realised.  

Furthermore, SAMs have been employed to develop highly sensitive sensors 

based on the supramolecular interactions between the modified surface and the analyte. 

Based on this, an impedimetric sensor platform to selectively detect Polycyclic Aromatic 

Hydrocarbons (PAHs) pollutants in water has been prepared. It has been shown that 

surface-anchored PAHs can selectively interact with a specific PAH target thanks to the 

unique π–stacking interactions between identical small aromatic molecules. Finally, a pH 

sensor based on an electrolyte-gated organic field-effect transistor (EGOFET) able to 



 

II 
 

operate in a wide pH range (i.e., from 1 to 10) with high sensitivity was fabricated. In this 

device a magnetic carbon electrode able to trap functionalised magnetic nanoparticles in 

its surface was used as gate contact. The pH dependent host-guest complex formation 

between grafted β-cyclodextrins and imidazole was exploited as indirect indication of the 

solution pH.  
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CHAPTER 1: 

General Introduction 
 

 

 

 

 

The progressive development of society is inextricably linked with the 

development, improvement, and progress of technology. Nowadays, "making things 

smaller" is one of the most relevant technological requirements. This was envisioned by 

the Nobel Prize laureate Richard Feynman, who introduced the concept of 

nanotechnology in 1959, describing it as the upcoming Fourth Industrial Revolution 

(Nanotechnology Revolution).1,2 Indeed, nanotechnology has emerged over the years as a 

revolutionary and breakthrough "miniaturization" approach and, as Feynman said, "it is 

a field, in which little has been done, but in which an enormous amount can be done in 

principle [...] because there is plenty of room at the bottom" .3 

Nanomaterials are those in which at least one of their dimensions is in the 

nanometre range, typically below 100 nm. These nanostructures have unique properties, 

often diverse from their macroscopic counterparts, opening a new avenue of novel 

applications that were not possible before.4 Their preparation is usually achieved 
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following a Top-down or a Bottom-up approach (Figure 1.1).5 Top-down consists in 

constructing nano-objects, usually using conventional lithographic techniques, from 

larger entities without atomic-level control. This methodology has some limitations, 

being one of the most important the high cost of material manufacturing below 50 nm.6 

On the contrary, the Bottom-up methodology is based on assembling atoms or molecules 

to form larger nanometric structures. Molecules have served as building blocks to prepare 

ultra-miniaturized devices, even at single molecule level in molecular junctions.7–9 The 

Bottom-up approach is generally based on molecular self-assembly processes, 

supramolecular chemistry and surface modification. To this end, one widely employed 

methodology to robustly modify surfaces with molecules organizations is by preparing 

chemically-bonded molecular Self-Assembled Monolayers (SAMs).10 

 

Figure 1.1: Top-Down and Bottom-Up approaches for nanostructures preparation. 
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1.1. Self-Assembled Monolayers (SAMs) 
 

 

 Chemically-bonded SAMs are molecular monolayers self-organized from the 

solution or gas phase onto a specific substrate forming a chemical bond (Figure 1.2). They 

are unique and highly versatile platforms to manipulate chemical and physical interfacial 

properties. 

 

Figure 1.2: Left. Illustration of a single molecule attached on a surface displaying the 

anchoring, spacer and terminal group. Right. Scheme of a SAM on a substrate.  

 
 The molecules employed for the preparation of SAMs are mainly composed of 

three different groups (Figure 1.2):11  

i) Anchoring group: It is responsible for the interaction between the molecule 

and the surface. The nature of this group plays an essential role in forming a 

well-ordered and dense SAM and in its stability. The most studied SAMs are 

derived from the adsorption of thiol derivatives on gold substrates12 and 

silanes on oxides.13 Nevertheless, other anchoring groups like carboxyl,14 

organophosphorus15,16 aryl-diazonium17 and terminal alkynes,18 have also 

been employed to functionalize surfaces.  

ii) Spacer group: It bridges the anchoring and terminal groups and determines 

the distance between the substrate and the terminal group. In addition, the 



  Chapter 1 

 4 
 

intermolecular interactions between neighbouring spacers (van der Waals, 

hydrogen bonds) help to stabilize the monolayer and improve the SAM 

packing. 

iii) Terminal group: It is the functional group of the SAM, also known as the 

"head" group and determines its functionality. This terminal group can also be 

used as a template for the chemical coupling with other species. 

 Thanks to their characteristics, which can be tailored depending on the chemical 

nature of their components, SAMs have been applied for several purposes such as for 

(bio)molecular recognition, sensing, energy, catalysis, corrosion prevention, wettability 

modification, and other areas where tailoring the physicochemical properties of an 

interface is required (Figure 1.3).19–26 

 

Figure 1.3: Different applications in which SAMs are employed. 



Chapter 1 

  5 

 

Generally, the adsorption kinetics of SAMs is described by the Langmuir kinetics 

model, which assumes that the growth rate is proportional to the number of available sites 

on the surface, as follows:27 

ௗఏ

ௗ௧
 = 𝑘ּ𝐶(1 − 𝜃)      ( 1 ) 

 

where k is a rate constant, C is the adsorbate concentration and θ the normalized 

monolayer coverage, obtained from Eq. 2. In this latter equation, Q is the desorption 

charge at a given time, and Qmax is the maximum reductive charge: 

𝜃 =
𝑄

𝑄𝑚𝑎𝑥
      ( 2 ) 

 

By integrating Eq. 1, the following expression is reached: 

𝑙𝑛(1 − 𝜃) = −𝑘𝐶𝑡     ( 3 ) 

 

This is the simplest model usually used to describe SAM growth kinetics on the 

surface.28 However, this model is only strictly valid if the adsorbed molecules do not 

interact with each other (i.e. there is no island-type distribution).29 Furthermore, it should 

be considered that the type of adsorbate-substrate interaction, preparation method and 

intermolecular interactions will strongly influence the SAM kinetics formation and 

organization. 

 

1.1.1 Preparation Methods and Parameters Influencing the SAM 

Formation 

SAMs can be prepared from the liquid or vapour phase. Both methods have been 

demonstrated to lead to high-ordered SAMs and are extensively used.30 Considering the 



  Chapter 1 

 6 
 

solution-based methods, the most common is the immersion approach since it is simple 

and versatile.31 However, other approaches, such as the Langmuir-Blodgett deposition32,33 

or spin coating, have also been used when faster processes are required.34,35 

The immersion approach involves immersing the substrate in a solution containing 

the adsorbate (typically for a few hours), where the molecules can spontaneously self-

assemble on the surface, forming a monolayer (Figure 1.4). Subsequently, the substrate 

is removed and rinsed to eliminate physisorbed material. It should be considered that the 

solvent should not interact chemically with the substrate to avoid undesirable reactions 

and also that several experimental factors might influence the monolayer formation.  

 

Figure 1.4: Illustration of the SAM formation by the immersion approach.  

 
The main parameters that affect the SAM formation are:  

 Substrate: The surface roughness directly impacts the SAM packing and the 

formation of defects.36,37 Further, activating or pre-treating the substrates is 

required depending on the substrate-anchoring group reactivity.38 For instance, 

oxide substrates are typically activated with an oxidant solution, piranha etching39, 
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or plasma,40,41 to promote the formation of hydroxyl groups at the surface, which 

can react with silane (-Si-(OR)3) derivatives. In the case of gold substrates, surface 

pre-treatment methodologies include acid exposition42 or mechanical (polishing) 

processes.43 

 Solvent: The molecule solvation and solvent-substrate interaction affect the self-

assembly kinetics and thermodynamics. For example, in general terms, higher 

molecular solvation fosters a large surface coverage and hinders intermolecular 

interaction.44 In the case of alkanethiols, the rate of SAM formation is higher in 

non-polar solvents (e.g. hexane). However, ethanol promotes the formation of a 

highly well-ordered monolayer. Additionally, thiolated SAMs have a nucleophilic 

nature, so a solvent that does not react with the molecules must be chosen.44,45 

 Water: When working with silanes, the excess or deficiency of water can be 

detrimental to the molecular assembly formation; water excess could result in 

silane polymerization in solution, while the absence results in incomplete 

monolayer formation since the initial required hydrolysis step does not take place 

(see below).45  

 Temperature: High temperatures can lead to either layer desorption46 or 

amorphous material on the surface.47 Conversely, if the temperature is too low, 

the necessary adsorbate-substrate activation energy for the covalent bonding 

formation might not be reached efficiently, resulting in an incompletely packed 

monolayer. Hence, a compromise temperature has to be found.  

 Concentration and immersion time: Both parameters are related to each other.27 

Generally, using a low adsorbate concentrated solution requires longer immersion 

time to achieve well-packed SAMs. Additionally, long immersion times are 

usually used to improve the self-molecular reorganization within the monolayer.  
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In summary, the parameters mentioned above must be considered to minimize the 

formation of defects in the SAMs. In Figure 1.5, an illustration of some of the most 

common defects that can be found in SAMs is shown.48 

 

Figure 1.5: Different types of SAM defects: 1) step edges, 2) airborne impurities, 3) SAM 

crystal edges, 4) gauche, 5) gold grain boundaries and 6) step edges. Image adapted from 

ref.48 

 

1.1.2 Thiol-based SAMs  

Thiol-based SAMs have been extensively studied since Nuzzo and Allara's 

discovery at the beginning of the 1980s.49 Numerous studies and thousands of 

publications have been published regarding fundamental and applied studies of SAMs, 

both on gold surfaces and nanoparticles. Thiol-based SAMs on metals gained much 

interest because of their simplicity in preparation and high stability mediated by the 

strength of the S-Au bond. These monolayers typically display high molecular order and 

are often stable in environmental conditions.  

Experimental evidence and theoretical models challenge the conventional view of 

a static, unreconstructed Au(111) surface with the molecules adsorbed at specified places 

generating thiolate linkages. Many fundamental aspects of these SAMs remain debatable 
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more than 25 years after their discovery. Nevertheless, most of the authors agree that the 

SAM formation (interaction of thiols with gold) follows two stages:50–53 

 The first step is rapid and takes only a few minutes and involves forming a thin 

monolayer on the substrate, which is first physisorbed and then chemisorbed.29 It 

is not clearly known how the deprotonation process occurs after forming the 

covalent S-Au bond. The most accepted hypothesis is that the acidic hydrogen 

from the thiol reacts to generate H2 (Figure 1.6).54 

 The second stage is a longer process (between 10 and 20 hours) in which the SAM 

molecules are rearranged on the surface to achieve highly-ordered structures. 

 

Figure 1.6: Scheme of the thiol-Au reaction to form a SAM. H are indicated as grey 

spheres.  

 
Regarding the kinetics, the two processes are described as follows: 

Ads + Au AdsI - Au

ka

kd

kt
AdsI - Au AdsR - Au
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where Ads is the adsorbate, AdsI-Au is the initially adsorbed molecules on the gold 

surface, AdsR-Au is the rearranged species, ka and kd the association and dissociation 

rates, respectively, and kt is the rate constant for the molecular rearrangement in the 

second stage.  

 

1.1.3 Silane-based SAMs 

 Another type of extensively used SAM is based on silane derivatives for 

functionalizing oxide substrates. Three stages govern the assembly formation of these 

SAMs: growth (nucleation), aggregation and coalescence.55,56 To improve the 

functionalization degree, the substrates are first treated to increase the presence of -OH 

groups, which are active sites for the monolayer formation. Mono-, bi- or tri-dentate 

covalent bindings can be formed between the molecule and the surface. Additionally, 

silane groups polymerize, promoting Si-O-Si bonds between neighbouring molecules 

(Figure 1.7).57  

First, the silane is hydrolyzed. This process occurs at a different rate depending 

on the silane derivative,58 being slower if the leaving group is larger and ramified,59 e.g., 

the hydrolysis rate decreases in the case of alkoxysilanes in the order methoxy > ethoxy 

> propoxy > butoxy silanes. Chlorosilanes are highly reactive and are often avoided since 

they polymerize too fast, forming a multilayer film.  
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Figure 1.7: Scheme of the formation of a SAM of a silane –(Si-(OR)3) on a silicon oxide 

surface. 

  
 Generally, this monolayer growth kinetics follows the Langmuir model, except in 

the early stages.60,61 The kinetic of the SAM formation is determined by the ambient 

humidity, temperature, number and type of hydrolyzable groups, and inter-molecular 

interactions between adsorbates, substrate-adsorbate and adsorbate-solvent.62  

 

1.2. Surface Characterization Techniques 

This section briefly describes the most common techniques and the methods 

employed in this Thesis to characterize SAMs.  

1.2.1 Contact Angle  
 

 The measurement of the Contact Angle (CA) or wetting angle is a simple and 

widespread tool employed to determine the hydrophobicity character of surfaces or, in 

other words, the wettability of a solid by a liquid. It consists of dropping a small volume 
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of a liquid (typically water) on a functionalized surface, and the angle between the drop 

and the surface is measured (see Figure 1.8).63,64 

 

Figure 1.8: Illustration of the CA (α) formed between a water droplet and the surface, 

with two different wettability characteristics, without (left) and with (right) the presence 

of a SAM terminated with a hydrophobic group on the surface.  

 

1.2.2 Scanning Probe Microscopies (SPM) 
 

Two Scanning Probe Microscopies are commonly used for studying the self-

assembly of molecules at the surface: Scanning Tunnelling Microscopy (STM) and 

Atomic Force Microscopy (AFM).   

Scanning Tunnelling Microscopy (STM) uses a highly sharp conducting tip to 

image conducting surfaces at atomic scales. This tip can distinguish features smaller than 

0.1 nm with 0.01 nm depth resolution. Most STMs operate at ultra-high vacuum, at room 

or shallow temperatures, although ambient STMs, even working at the liquid/air interface, 

are also used to characterize SAMs. This microscope is based on quantum tunnelling. The 

tip approaches extremely close to the surface, slightly above the sample, where repulsive 

and attractive interactions coexist. The tip position is controlled by piezoelectric scanner 

tubes and altered by a control voltage. Then, a bias voltage between the tip and the surface 
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is applied, and the electrons tunnel through the vacuum, separating the tip and the surface. 

The tip moves across the surface (in the x-y matrix), displaying an image. There are two 

main working modes: constant height and current modes. In the former, the tip height is 

maintained, and the tunnelling is measured, while in the latter, the tip height is altered to 

maintain constant the current.65  STM provides easy access to topographic information 

on molecular nanostructures in real space and their characteristic electronic structures on 

surfaces. The nanostructure growth (i.e. following on-surface reactions, molecular 

rearrangement, etc.) is also very relevant in the field. 66–68 

Atomic Force Microscopy (AFM) also involves scanning a surface with a tip. In 

this case, the forces between the probe and the surface are measured as a function of their 

mutual separation. AFM is performed using a sharp tip about 10–20 nm in diameter 

attached to a cantilever. The tip scans the sample surface, allowing the so-called near-

physical interactions. These vibrating interactions are recorded, and three-dimensional 

images are obtained. The cantilever deflection measures the force generated, and a laser 

reflection monitors the tip vibration into a photodiode.69,70 AFM is operated in two basic 

modes, contact and tapping. In the contact mode, the AFM tip is continuously in contact 

with the surface, while in the tapping mode, the AFM cantilever is vibrated above the 

sample surface so that the tip is in contact with the surface only intermittently. The 

tapping mode is the most commonly used for imaging, while the contact mode is usually 

used for more specific measurements, such as force or conducting measurements.71 AFM 

is suitable for most non-conductive SAMs, including those formed by multilayers or 

containing large molecules, such as proteins.72,73 A conductive substrate is not needed for 

the AFM, but this technique offers the possibility of measuring conducting-AFM (C-

AFM).   
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1.2.3 Spectroscopic Techniques  
 

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive analytical 

method that bombards a surface with X-rays and measures the kinetic energy of the 

emitted electrons. Information about the electronic structure and the sample's elemental 

composition can be obtained. The power of this technique is its surface sensitivity and 

capacity to extract chemical state information from the elements composing the sample.74 

It is susceptible to the chemical environment of the elements, such as the chemical bonds 

and charge transfer from/to the surface.75 The data is represented in a spectrum as a 

function of the binding energy (BE). Photoelectron peaks with a specific BE are the 

fingerprint of an element, environment and orbital from which they were ejected. XPS 

can be quantitative, but it has to be taken into account that a photoelectron must go 

through the sample to escape, and the number of photoemitted electrons can be decreased 

by inelastic collisions, recombination, excitation of the sample, recapture, or trapping in 

different excited states within the material.76 Furthermore, since XPS is a surface-

sensitive technique, it is susceptible to contamination, sometimes hindering its use in a 

quantification manner.77    

Near Edge X-Ray Absorption Fine Structure (NEXAFS) is a spectroscopy 

technique based on the absorption of X-ray photons by a core level with a consequent 

photoelectron emission, resulting in a core hole filled by either the Auger process or by 

electron capturing from another shell. A fluorescent photon emission follows this process. 

This technique is usually employed to identify the local bonding environment and is often 

used as a spectral "fingerprint".78 Furthermore, NEXAFS can be used to determine the 

SAM orientation on the surface plane and the elementary composition.79–81 Figure 1.9 

shows the main differences between XPS and NEXAFS. 
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Figure 1.9: Scheme of the principle of the mechanism in XPS and NEXAFS 

spectroscopy. X-ray radiation leads to the emission of core electrons (XPS, left) or 

excitation into unoccupied molecular π∗ and σ∗ states (NEXAFS, right). Adapted from 

ref.82 

 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is a surface 

analytical technique which uses a pulsed ion beam to remove molecules from the surface 

and, thus, to do an elemental or molecular composition and mapping of the surface.83 

Primary particles are produced near the impact site and dissociated into ions. 

Additionally, secondary particles are emitted further from the impact site corresponding 

to molecular species on the surface. These molecular compounds (usually fragmented) 

are accelerated into a flight path to a detector, and a mass plot is displayed.  

Infrared Reflection Absorption Spectroscopy (IRRAS) is a spectral technique 

commonly used to study ultrathin organic films deposited on reflective surfaces, such as 

metals. It provides information on the type of molecular groups forming the thin film and 

their orientation relative to the metal surface. IRRAS measures the sample's reflectance 

accompanied by the absorption and usually needs to be performed at grazing incidence to 

improve the sensitivity. Vibrational modes from the molecule with a dipole change 

component perpendicular to the surface are detected.84–86    
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Ultraviolet-visible (UV-Vis) spectroscopy is considered the most widely used 

technique in spectroscopy for a broad range of compound analyses by measuring the 

interaction of electromagnetic radiation with molecules at a particular wavelength. It 

measures the discrete wavelengths of UV or visible light absorbed by or transmitted 

through a sample.87 For SAMs, their characterization is done in transmission mode using 

transparent surfaces such as glass, quartz, or oxides (like Indium Tin Oxide (ITO)).88,89 

Fluorescence spectroscopy can be employed for SAMs containing fluorophores 

attached to the surface to characterize their emission properties. To observe fluorescence 

emission in a sample, an electron must overcome the gap energy barrier followed by a 

non-radiative relaxation to the fundamental state, resulting in photon emission. The 

samples are typically measured at the excitation wavelength, at which the emission 

wavelength is maximum.90–92   

Electron paramagnetic resonance spectroscopy (EPR) characterizes the 

paramagnetic character of a SAM composed of metal complexes or organic radicals.89,93 

In an EPR experiment, the frequency is maintained constant and the magnetic field is 

swept. For paramagnetic species, such as organic radicals, EPR measures microwave 

radiation absorption by the unpaired electron spin.94  

As above-explained, different techniques can be used to characterize the SAM 

formation on surface. Additionally, electrochemical techniques have also been 

extensively employed for this purpose. Since, in this Thesis, electrochemical tools have 

been a main focus of our work, they are explained in more detail in the next section. 
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1.3. Electrochemical Techniques  
 

 

Electrochemical techniques are highly powerful in characterizing SAMs of 

electroactive and non-electroactive species.  

The electrochemical characterization of grafted molecules can be done by directly 

investigating the redox response of the anchored molecules (if they are electroactive) or 

by using a redox probe in the solution (like [Fe(CN)6]3-/4) and studying the electron 

transfer rate (ET) through the monolayer following Marcus theory. The Marcus theory 

describes that the rate of ET between a donor and an acceptor is dependent on the 

reorganization energy (λ), temperature (T), Gibbs free energy (ΔG) and the donor-

acceptor electronic coupling (HAB). These variables are related to the molecular chain 

structure and length, the nature of the redox functional group, the environment, etc.95,96 

These measurements can also give information on the surface coverage or the degree of 

passivation of the electrode.  

In general, the electrochemical characterization of a substrate modified with a 

SAM is carried out in a three-electrode configuration cell containing a working electrode 

(WE, functionalized with the SAM and where the redox event occurs), a counter electrode 

(CE) towards which the current flows and, a reference electrode (RE). Gold, conducting 

oxides (e.g., ITO) and carbon-based electrodes (e.g., glassy carbon) can be used as WE. 

Typically, the CE is a platinum wire, and the RE must have a well-known and stable 

electrode potential, and it is usually formed by a metallic surface and a counter ion (e.g., 

Ag/AgCl). In the absence of the counter ion, RE is known as a pseudo-reference owing 

to the lack of thermodynamic equilibrium and needs to be calibrated with an internal 

redox reference.97 The electrochemical cell is filled in with a supporting electrolyte 

solution responsible for the charge transfer in the medium. The use of different solvents 
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and salts can influence the electrochemical response.98 The main electrochemical 

methods used in this Thesis for the SAMs characterization are Cyclic Voltammetry (CV) 

and Electrochemical Impedance Spectroscopy (EIS).99 

 

1.3.1 Cyclic Voltammetry (CV) 
 

CV is the most commonly used electrochemical tool and does not require 

expensive or sophisticated instrumentation, becoming a very accessible technique.100 It 

consists of sweeping the voltage applied to the WE while measuring the current to 

determine the redox processes associated with the adsorbed species at the electrode or in 

the solution. The voltammogram plots display these electron transfer processes under a 

hysteresis curve (see Figure 1.10). Each faradaic or redox event shows the 

oxidation/anodic (EPA) and reduction/cathodic (EPC) peaks, at specific potentials, with 

their respective anodic (IPA) and cathodic (IPC) current represented by the height under 

the hysteresis curve of each event. The formal redox potential (E1/2) is found in the mid-

way of both anodic-cathodic potentials as follows:99  

𝐸ଵ
ଶൗ =  

𝐸𝑃𝐶+𝐸𝑃𝐴
2

     ( 4 ) 

 

In solution, the potential difference between the oxidation and reduction peaks 

(ΔEP = EPC-EPA) differs from zero, but for species immobilized on the electrode surface, 

since there is no diffusion, they should show an ideal Nernstian electron transfer with 

similar peaks potentials (ΔEP ~ 0 V). 



Chapter 1 

  19 

 

 

Figure 1.10: Left: Typical ideal cyclic voltammogram (bottom) of an electroactive SAM 

grafted on the electrode surface, (top) indicating the most relevant parameters that can be 

extracted. Right: Scheme of an electrochemical cell adapted to characterize a modified 

electrode.  

 

Additionally, in electroactive SAMs, the surface coverage can be estimated by 

integrating the anodic or cathodic peak area (faradaic current), avoiding the capacitive 

(background) area (in purple in Figure 1.10) using the following equation:99  

𝛤 =
𝐴𝑝𝑒𝑎𝑘

𝑛∙𝐹∙𝜈
      ( 5 ) 

 

where Γ is the surface coverage (in mol·cm-2), n is the transferred electrons, Apeak is the 

integrated area under the anodic or cathodic peak (in A·V·cm-2), F is the Faraday constant 

(96.485 A·s·mol-1) and 𝜈 the scan rate. Besides, it should be noted that the peak current 

should linearly increase with the scan rate when molecules are confined on the surface, 

and the diffusion is negligible.101  
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Broad peaks correspond to slow electron transfer and possibly higher molecular 

lateral interactions between the confined species forming the SAM, thus giving some 

information on the layer homogeneity. This last parameter can be extrapolated from the 

full width at half the maximum peak height (FWHM).99,102 The FWHM of an ideal 

situation is given by Eq. 6: 

𝐹𝑊𝐻𝑀 = 3.53
𝑅𝑇

𝑛𝐹
=

90.6

𝑛
    ( 6 ) 

 

Further, the background (capacitive current, Ich, indicated in Figure 1.10) can also 

provide evidence of the SAM formation. At the voltage range where any redox process 

occurs, the capacitive current (Ich) is correlated with the electrical double-layer 

capacitance (CDL), often normalized by the electrode surface area (ASUR).99 

ூ೎೓

஺ೄೆೃ
=

஼ವಽ

஺ೄೆೃ
∙ 𝜈      ( 7 ) 

 

As mentioned, a redox marker in solution is commonly employed in the case of a 

non-electroactive SAM. The efficiency of the electron transfer process from the solution 

to the electrode through the SAM gives information on the SAM surface coverage and its 

molecular/electronic structure.103.104 

 

1.3.2 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique for 

analyzing interfacial properties and events occurring at the electrode surface. This method 

is being used in many fields, such as corrosion, batteries, bioelectrochemistry and solid-

state electrochemistry.105 
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Figure 1.11: a) Sinusoidal excitation signal on the system and the sinusoidal current 

recorded, shifted in phase. Nyquist plots for a Faradaic system: b) kinetic-controlled 

process and c) mixed diffusion- and kinetic-controlled (inset: equivalent Randles circuit). 

D) Nyquist plot for a non-Faradaic system (inset: capacitance plot). Extracted from ref.106 

 

Impedance (Z) is the ability of a circuit to resist an alternating current (AC) flow, 

measured in the same units as resistance (Ω). Therefore, in a typical measurement, an AC 

voltage, E(t), is applied on a range of frequencies (ω), measuring the resulting sinusoidal 

current. This resulting AC current, I(t), is shifted in phase angle (θ), changing the period 

of the sinusoidal waves. The phase shift between the AC voltage and the measured current 

(or vice versa) directly depends on the electrochemical system and its relative capacitive 

and resistive features (Figure 1.11a).107 

𝐸(𝑡) = 𝐸௢ 𝑠𝑖𝑛(𝜔𝑡)     ( 8 ) 

 

𝐼(𝑡) = 𝐼௢ 𝑠𝑖𝑛(𝜔𝑡 − 𝜃)     ( 9 ) 
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where t is the time, and Io represents the magnitude of the current oscillation. The total 

impedance (Z) is analogously calculated using Ohm's Law as follows:108 

𝑍 =
𝐸(𝑡)
𝐼(𝑡)

     ( 10 ) 

 

Following Euler's formula (Eq. 11), considering Eq. 10, and knowing that the 

impedance has a phase shift θ, and an amplitude Zº=Eº/Iº, Z can be expressed as Eq. 12:  

𝑒௝ఏ = 𝑐𝑜𝑠(𝜃) + 𝑗 𝑠𝑖𝑛(𝜃)     ( 11 ) 

 

𝑍 = 𝑍௢[𝑐𝑜𝑠(𝜃) + 𝑗 𝑠𝑖𝑛(𝜃)] = 𝑍௥௘௔௟ + 𝑍௜௠௔௚  ( 12 ) 

 

where Zreal corresponds to the real component of the resistance and Zimag to the imaginary 

component. Therefore, impedance is the sum of the circuit's resistance and capacitance.106 

 Real component:  𝑍௥௘௔௟ = |𝑍|(𝑐𝑜𝑠 𝜃)     ( 13 ) 

 

 Imaginary component: 𝑍௜௠௔௚ = |𝑍|(𝑗 𝑠𝑖𝑛 𝜃)    ( 14 ) 

 

 EIS measurements are typically plotted using the Nyquist diagram (also called 

Cole-Cole),109,110 where Zreal (x-axis) is represented versus Zimag (y-axis). Bode plots can 

also be used in which |Z| and θ are plotted against log ω. 

 EIS plots are usually analyzed by fitting the curves to an equivalent circuit, 

typically containing a resistor I, a capacitor I, and an inductance (L) component. In the 

case of SAMs,  the most important parameters that can be extracted from the equivalent 

circuit are:106,111 
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i. Solution resistance (RΩ): dependent on the type of electrolyte (i.e., type of ions), 

concentration and electrode area. 

ii. Charge transfer resistance (Rct): inversely proportional to the electron transfer 

rate. 

iii. Double-layer capacitance (CDL): related to the background and charging current.  

iv. Warbuck impedance (ZW): this constant phase element results from mass-transfer 

limitations and can be used to determine the effective diffusion coefficient. 

Other constant phase elements can also be included in the model. Thus, the 

impedance spectra allow a broad overview of the different processes at the 

electrochemical interface (i.e., capacitive, resistive, diffusion effects), and each one 

dominates more at a specific range of frequencies.  

By EIS, Faradaic and non-Faradic processes can be studied. For Faradaic 

processes, the electrochemical reaction mechanism can show two limiting factors. The 

process is kinetically-controlled when the diffusion is fast and the electron transfer rate is 

the limiting factor. The Nyquist plot appears as a semicircle (Figure 1.11b). However, 

often in the Nyquist plots, in addition to the semicircle, a linear region is observed where 

the process is diffusion-controlled (Figure 1.11c). In this regime, the electron transfer is 

fast, and the mass diffusion of the electroactive species from the bulk to the electrode 

limits the process. 

A kinetically-controlled process is often modelled by the Randles circuit (see inset in 

Figure 1.11c), which is the simplest model. With this model, from the semicircle of the 

Nyquist plot, RΩ can be extracted as the interception of the semicircle with the x-axis at 

high frequency, while the semicircle diameter corresponds to Rct. Nevertheless, the non-

ideal behaviour of CDL can modify the semicircle, and other elements can be introduced 
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to the equivalent circuit to improve the fitting, such as a CPE.112,113 Mass-transport control 

is represented in a Randles equivalent circuit by introducing the Warburg impedance 

element (ZW) in series with the charge transfer resistance. The Warburg impedance is 

visible in the Nyquist plot as a straight line with a 45° angle to the abscissa, and it is 

predominant at lower frequencies.114 

In a non-faradaic process, the charge transfer resistance and diffusion 

contributions can be omitted, becoming a simpler electrical circuit, as shown in Figure 

1.11d (inset). Then, the imaginary part of the impedance is inversely proportional to the 

electrical double layer (CDL) of the electrochemical system and can be the sum of the real 

(Creal) and imaginary (Cimag) capacitance components and calculated as follows:106 

𝐶஽௅ =
1

𝑗·𝑤·𝑍
     ( 154 ) 

𝐶஽௅ = −
௓೔೘ೌ೒

ఠ|௓|మ
− 𝑗

௓ೝ೐ೌ೗

ఠ|௓|మ
= 𝐶௥௘௔௟ + 𝑗𝐶௜௠௔௚   ( 165 ) 

 

 

1.4. SAMs for the Development of Molecular 
Switches and Sensors 

 

 

Following the current society's demand, electronic devices (mostly silicon-based), 

have progressed quickly towards smaller and higher storage capacity components. 

Nevertheless, the limitation of silicon technology miniaturization has prompted the search 

for new materials and alternative technologies.115 

Molecular electronics aims to use molecules as active components in electronic 

devices (for sensing, switching, current rectification etc.).116–118 Over the past decades, 
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molecular electronics have experienced remarkable growth thanks to the increased efforts 

from researchers from different fields (chemistry, physics and engineering). Currently, 

robust single-molecule devices and large molecular junctions (using an ensemble of 

molecules) can be realized owing to the advancement of materials synthesis, surface 

chemistry and surface characterization techniques, and new theoretical tools to rationalize 

and predict the results.119,120 

In this regard, as mentioned at the beginning of the introduction of this Chapter, 

molecular SAMs are very attractive and chemically versatile platforms for several 

applications in this field.121,122 SAMs can be exploited as i) the active response layer or 

ii) to tune specific device properties. In the first case, depending on the nature of the 

molecular species forming the SAM, the modified surfaces can act as switches (presenting 

at least two commutable states),89,123,124 as sensors (having a recognition unit to certain 

analytes)125,126 or as molecular wires (where charge transport occurs through the 

molecule), among others. In the second case, SAMs have been used to modify the work 

function of electrodes (improving, for example, charge injection in field-effect 

transistors), or to change the wettability of the surface (tuning the properties of a material 

deposited on it), etc.127,128 In both situations, the use of SAMs implies several advantages 

such as: i) easy surface functionalization without altering the substrate composition, ii) 

large functionalized surface area, iii) easy miniaturization and iv) low-cost.  

In particular, in this Thesis, we have used SAMs to develop electrochemical 

switches and sensors. 
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1.4.1 Electrochemically Triggered SAMs for Molecular Switches  

One particular family of molecules employed for developing novel molecular-

based devices are molecular switches. When an external stimulus is applied, these 

systems can be reversibly interconverted between at least two stable states. Preparing 

SAMs based on switchable molecules is an appealing strategy towards practical 

applications. Several external stimuli may activate these molecular switches on surfaces, 

such as light,129,130 an electric/magnetic field,131,132 temperature,133 a voltage134 or the 

presence of specific chemicals.135,136 As a result, the molecular properties can be 

modulated, such as the dipole orientation, molecular conformation, charge or spin states 

and can even promote the formation of new chemical bonds.137  It should be highlighted 

that it is key to ensure that the molecular switching ability is not inhibited upon surface 

grafting and, further, that the system reveals low or negligible switching fatigue during 

the application of switching cycles.  

Electrochemical or redox switches are based on using an electrical input to change 

the redox state of the molecules. For this purpose, electroactive molecules are employed. 

Figure 1.12 shows an example of a ferrocene SAM on gold, where applying a voltage to 

the surface leads to ferrocene (Fc) oxidation to ferrocenium (Fc+) and vice versa. 

Importantly, the SAM must not be desorbed from the surface while applying the voltage 

to achieve robust electrochemical switchable SAMs. For this reason, redox species that 

can be triggered at low voltage values are more appealing. Since these systems exhibit at 

least two ("0" and "1" states) or more accessible states, they are suitable for the fabrication 

of molecular memories. 
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Figure 1.12: Illustration of an alkanethiol SAM on gold surface containing ferrocene as 

terminal group. A voltage is used to tune the redox state of ferrocene. 

 

The output (i.e., the state reading) of these switches can be diverse depending on 

the nature of the molecule. For instance, interfacial layer capacitance can be measured if 

charges are created at the surface, 138 but also, their optical and/or magnetic properties 

can be used as readouts if these properties differ depending on the molecular redox state. 

Figure 1.13a depicts a SAM based on a tetrathiafulvalene (TTF) prepared on a transparent 

indium tin oxide (ITO) surface previously reported by our research group.139 TTFs show 

three distinct redox states: neutral (state 0), radical-cation (state 1) and dication (state 2). 

Absorption and electron paramagnetic resonance (EPR) spectroscopy were used to read 

this ternary switch. The radical-cation state was the only EPR active (S1a in Figure 

1.13b), whereas the absorption of the SAM at 420 nm showed three different 

distinguishable values depending on the redox state (Figure 1.13c). 

Gold Surface Gold Surface
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Figure 1.13: a) Scheme of a multistable redox switch based on a tetrathiafulvalene (TTF) 

SAM displaying three redox states. b) Output response of the switch followed optically 

(Absorbance (A) at 420 nm) or magnetically (Normalized EPR signal). c) Absorbance 

spectra recorded for the different states and Absorbance at 420 nm upon the application 

of different reduction/oxidation cycles. Adapted from ref.139 

 

The realization of switches showing multiple accessible states can be achieved by 

using electroactive molecules displaying different redox states, as previously mentioned, 

or by preparing mixed SAMs. For example, in the work reported by Casado-Montenegro 

et al.,140 a SAM containing ferrocene as an electron-donor and anthraquinone as an 

acceptor was prepared, reaching multiple stable redox states in a narrow voltage window.  
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Another approach to enhance the number of accessible states is the introduction 

of multilayers. An interesting system to illustrate this concept is the one developed by 

Shokurov et al.,141 who synthesized an octopus-type crown-bisphthalocyaninate 

(octopus-Pc) with eight thioacetate-terminated "tentacles" (Figure 1.14). This 

macromolecule was strongly attached on a gold surface and displayed three stable redox 

states. Furthermore, adding an extra molecular layer by supramolecular interactions 

permitted to reach a four-state system (R, N, O and O' in Figures 1.14 b and c). The 

different states were identified in the CV (indicated with dashed lines in Figure 1.14c).  

 

Figure 1.14: a) Scheme of the octopus-Pc SAM on gold and the formation of a multilayer 

assembly driven by supramolecular interactions, b) redox states reached for both systems 

and c) CV showing the four redox states of the multilayer SAM. Adapted from ref.141 

 

The modification of the surface wettability with the application of a voltage has 

been shown to be attractive for various applications, such as for water actuation.142 

Maglione et al. reported the fabrication of an ITO conductive substrate coated with a 

SAM containing terminal anthraquinone groups (AQ) (Figure 1.15).142 When the redox 

state of AQ was switched between the oxidized and reduced state, the surface wettability 
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could be altered by as much as 26° (Figures 1.15 c and d). Mixing and dispensing water 

droplets at the sub-nanoliter scale was achieved by fabricating an array of planar 

electrodes integrated into a microfluidic device (Figures 1.15e and d). Additionally, the 

surface electrowetting phenomenon was utilized to facilitate the transportation of cells 

across different microfluidic compartments in a culture medium. Thus, this example 

illustrates the potential of electrochemically switchable SAMs to be implemented in 

relevant technological applications. 

 

Figure 1.15: a) Molecular structure of AQ-Silane and the schematic representation of the 

AQ-Silane SAM on ITO. b) CV of AQ-Silane SAM in a phosphate buffer solution (pH: 

6.9). Optical images showcasing water droplets (5 µL) c) before and d) after the 

electrochemical SAM reduction. f) CAD drawing of the three-electrode array and f) 

snapshots of droplet merging by applying a voltage. Adapted from ref.142 

 

 

1.4.2 SAMs for Electrochemical Sensors: Chemical Input and 

Electrochemical Output 

SAMs have been widely employed for the fabrication of electrochemical sensors. 

For this purpose, the SAMs should interact with the analyte of interest and provide an 

electrochemical response.143 
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The SAM is typically designed to have specific functional groups that selectively 

interact with the target analyte through supramolecular interactions: van der Waals forces, 

π-π stacking, hydrogen bonding, metal-ligand coordination, electrostatic interactions, and 

host-guest. In particular, SAMs have been extensively used in biosensing by exploiting 

the highly selective antigen-antibody interactions.144,145  

Thanks to receptor-analyte interactions, the detection and quantification of the 

analyte concentration in a sample solution can be realized. For the electrochemical 

readout, the sensing process typically implies a change of the current intensity and/or a 

shift of the potential due to the interface modification or a change of the double-layer 

capacitance or charge transfer resistance. Generally, electrochemical sensors based on 

SAMs offer easy preparation and robustness, versatility for a wide range of different 

analytes, low-cost, fast measurements and low limits of detection (LOD).146 For all these 

reasons, they are appealing for the development of low-cost point-of-care tests or in-field 

analysis. 

Cyclic voltammetry and EIS are the most common electrochemical techniques 

employed for analyte determination. Differential pulse voltammetry (DPV) or square 

wave voltammetry (SWV) can also be used.147  

When the species at the electrode surface are non-electroactive, the small changes 

taking place at the electrode interface can be followed by EIS148  using a redox probe in 

the electrolyte solution. In Figure 1.16a, this is exemplified in a SAM bearing a crown-

ether ring able to form a host-guest complex with Na+.149 The charge transfer resistance 

(measured by EIS) increases with the formation of the complex, as evidenced by the 

increase of the semicircle diameter in the Nyquist plot. Accordingly, CV could also follow 
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this process, where a decrease in the current intensity and an increase in the ΔEP would 

be expected. 

Alternatively, if the monolayer is able to detect an analyte but it is also redox-

active, the use of a redox probe in the electrolyte is not required, and the electrochemical 

properties of the SAM can be used as readout. This is the case of the TTF-based SAM 

functionalized with a crown-ether ring shown in Figure 1.16b.149 Here, changes in the 

TTF redox peak (intensity and voltage) occurring upon the interaction with metal cations 

can be directly used to determine the analyte concentration.  

 

Figure 1.16: Comparison between an electrochemically a) inactive and b) active SAM. 

In the first case EIS using a redox probe is employed as readout, while in the second case, 

the redox properties of the SAM are exploited. Adapted from ref.149 

 

Generally, these changes in the electrochemical measurements are originated from 

an increase in the monolayer thickness or steric hindrance upon the binding, typically 
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leading to a decrease in the electron transfer rate.127,150 Then, from the plot of the 

electrochemical signal variation (current intensity, charge transfer resistance,  etc.) versus 

the analyte concentration, a calibration curve can be performed, and the relevant 

parameters to determine the sensing performance can be extracted (i.e., the limit of 

detection, sensitivity, etc.).  

Although Faradaic processes are more widely used for the development of 

electrochemical sensors, non-faradaic responses can also be exploited by analyzing the 

changes of the interfacial electrical capacitance upon the chemical interaction. In a non-

faradaic electrochemical system, the imaginary part of the impedance is inversely 

proportional to the electrical double layer (EDL) capacitance.151 Typically, the binding 

interactions within the EDL are captured at low frequencies (<1000 Hz), since at high 

frequencies (10000 Hz-1 MHz), a resistive response is commonly observed due to the 

bulk behaviour of the electrolyte system.  

Electrochemical sensors have gained increasing attention in fields like pollutants 

detection, drug monitoring and biorecognition (especially in early diagnosis disease).152 

Here below, a few examples are described to illustrate the relevance of such types of 

devices and to show the diversity of strategies developed to obtain modified surfaces for 

sensing. 

 Regarding pollutants detection and quantification, Ait-Touchente et al.153 

developed a sensor for Cu2+ ions detection using ITO surfaces modified with multilayers 

of 4-mercaptophenyldiazonium tetrafluoroborate (4-MPD) SAMs and Au nanoparticles 

(AuNPs). This electrode design led to the right balance between the high specific surface 

for large receptor loading and low electrical resistance of the hybrid material grafted on 
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the electrode surface. Consequently, sensors with a low limit of detection in the pM range 

were realized using the square wave voltammetry (SWV) technique.  

Regarding biosensing applications, following a similar approach as explained 

above, Jolly et al.154 developed a biosensor to detect a prostate cancer biomarker using an 

array of AuNPs deposited on a SAM of 11-aminoundecanethiol on Au. Subsequently, the 

prostate-specific antibodies were anchored on the AuNPs together with a SAM of 6-

mercapto-1-hexanol (MCH) or 6-(ferrocenyl)hexanethiol (FcSH) for both impedimetric 

or amperometry detection, respectively. In the first case, a redox marker was used in the 

electrochemical experiments, while in the second case, the response of the Fc SAM, 

which acted as an internal redox probe, was analyzed. In both cases, the sensors exhibited 

high sensitivity and selectivity towards the prostate-specific antigen, a wide dynamic 

range, and a low LOD (10 pg·mL-1), making this biosensor a promising tool for prostate 

cancer diagnosis and monitoring.  

Finally, to highlight the feasibility of integrating these sensors in a device working 

with real samples (i.e., body fluids), the electrochemical biosensor developed by 

Upasham et al.155 is described as a representative example. The authors developed an 

ultra-low volume, multi-bio fluid point-of-care (POC) device for cortisol sensing (Figure 

1.18). Towards this goal, a gold electrode was modified through a two-step 

functionalization methodology by first grafting the cross-linker molecule dithiobis/ 

succinimidyl propionate (DSP) and attaching the α-cortisol antibody to the thiol linker. 

Interestingly, to improve the performance of the sensor in the presence of the bio-fluid 

matrixes, a room temperature ionic liquid (RTIL) (i.e., BMIM[BF4]) was incorporated on 

the electrode as the buffer to modulate the EDL (Figure 1.18a). Here, non-faradaic label-

free electrochemical impedance spectroscopy (EIS) was used as the detection modality 

by exploring changes in the interfacial capacitance at low frequency. Cortisol 
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concentration was measured in different human body fluids (blood, saliva and sweet), 

achieving excellent LODs and sensitivity (Figure 1.18b). 

 

Figure 1.17: a) POC device for cortisol electrochemical sensor (left) and schematic 

representation of the electric double layer (EDL), including the SAM and the RTIL on 

the gold surface (right). b) Changes in imaginary impedance (Zimg), from baseline, 

against cortisol concentration using three different human fluids: blood, saliva and sweat. 

Adapted from ref.155 

 

 

1.4.3 SAMs in Electrolyte-Gated Organic Field-Effect Transistors for 

Sensing Applications 

Electrolyte-Gated Organic Field Effect Transistor (EGOFETs) are three-terminal 

devices that consist of an organic semiconductor (OSC) contacted between two electrodes 

(i.e., source and drain) and in contact with an electrolyte solution, where the third contact 

(i.e., gate) is immersed. The current through the OSC is modulated by applying a source-
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gate voltage that causes the formation of two electrical double layers (EDLs) at the 

OSC/electrolyte and gate/electrolyte interfaces (see Figure 1.19a). As a result, the energy 

levels of the OSC are shifted, and charge carriers can accumulate in the semiconductor 

film.156 The transfer characteristics of a typical EGOFET are shown in Figure 1.19b, in 

which the source-drain voltage is fixed whilst the source-gate voltage is swept. It can be 

observed that upon the application of a source-gate voltage above a threshold voltage 

value (Vth), the device is switched on, and electrical current starts to flow along the OSC. 

 

Figure 1.18: a) Scheme of a typical EGOFET showing the main components: top gate 

electrode, source (S) and drain (D) electrodes, the substrate with the organic 

semiconducting layer deposited on top and the electrolyte showing the formation of 

EDLs. b)  Typical transfer curve for an EGOFET at a fixed source-drain voltage. Adapted 

from ref.157 

 

These devices are raising much interest in developing (bio)sensors since they 

operate in aqueous media at low voltages and amplify the electric signals.158 In fact, 

EGOFETs have been used to detect large and small molecular weight molecules, virus 

and biomarkers.159,160 
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The OSC/electrolyte and the electrolyte/gate interfaces represent the most 

sensitive parts of the device, and any tiny change in their surface potential and/or 

capacitance is amplified in the transistor electrical response.161 Although several groups 

have worked on the functionalization of the OSC for this purpose, in this Thesis, we focus 

on the gate functionalization to incorporate the sensing units. Thus, similarly to the 

previously discussed electrochemical sensors, in an EGOFET, the gate electrode can also 

be functionalized with a specific SAM incorporating biological or chemical receptors.162–

167 After interaction with the analyte, potentiometric or capacitance changes occurring at 

the gate interface are translated into changes in the electrical characteristics of the 

transistor.  

Previously in our group, a label-free sensor for α-synuclein, a protein associated 

with neurodegenerative disorders such as Parkinson's disease, was developed based on an 

EGOFET integrated in a microfluidics chip (Figure 1.20b and c).168 The gate was 

functionalized with specific antibodies against α-synuclein, following two different 

approaches: i) using an amino-terminated self-assembled monolayer and ii) an  His-

tagged recombinant protein G (Figure 1.20a). The interaction of the antibodies with α-

synuclein resulted in changes in the measured device current (Figure 1.20d). Both 

approaches gave high sensitivity and low LODs down to the sub-pM level. The reported 

devices combine the high sensitivity and short measurement tests with the electrical 

readout and the simplicity and upscaling compatibility of the fabrication methods 

employed. Thus, these devices are expected to contribute to personalized medicine and 

drug development advancements.  
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Figure 1.20: a) Gate electrode functionalization steps for the two different approaches. 

b) EGOFET scheme containing the gate, source and drain electrode. c) Microfluidic 

device layout employed (left) and integration in the microfluidic setup (right). d) (top) 

Electrical response of the EGOFET with an Ab-SAM-coated Au gate to the presence of 

-synuclein at different concentrations. Inset: transfer curves relative to the bare Au 

(black), SAM (red) and Ab (blue). (bottom) Calibration curve obtained from the EGOFET 

sensing response. Adapted from ref.168 
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1.5. General Objectives 
 

 

The present Doctoral Thesis is focused on the preparation of new molecular hybrid 

materials based on functionally stable SAMs grafted on electrodes or nanoparticles for 

the development of electrochemical sensors and switches. To achieve this main goal, the 

following specific objectives were proposed for this Thesis: 

i. Fabrication of SAMs based on electroactive molecules in order to develop 

electrochemical switches. Specifically: 

A) Grafting an urazole organic radical on surface and investigating its redox and 

magnetic properties. 

B) Development of an electrochemical switch with a fluorescent response by 

functionalizing ITO substrates with quantum dots modified with an 

electroactive SAM. 

ii. Exploiting supramolecular interactions as a strategy to develop sensing platforms 

that can be electrochemically read out using electrochemical impedance 

spectroscopy (EIS) and electrolyte-gated organic field-effect transistors 

(EGOFETs). In particular, the following sensors have been envisaged: 

 
A) Selective detection of toxic polycyclic aromatic molecules (PAHs) in water 

through  interactions. 

B) Development of a pH sensor by using the host-guest interactions between a 

cyclodextrin SAM and imidazole.  
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CHAPTER 2:  
Electrochemically triggered 
switches based on SAMs of    

redox-active molecules  
 

 

 

This Chapter is composed of two scientific articles related to the 

development of switchable surfaces based on the redox activity of two 

molecular systems, the urazole radical and the ferrocene.  

 

Article I:  Efficient Routes for the Preparation of Urazole Radical Self-

Assembled Monolayers on Gold Surfaces 

 

Article II:  Fluorescent Switchable Surfaces Based on Quantum Dots 

Modified With Redox-Active Molecules 
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2.1 Introduction 
 

 

As mentioned in the general introduction, the immobilization of molecular switches 

on surfaces is required to develop platforms for practical applications. The surface 

confinement of electrochemical switches through the preparation of robust self-

assembled monolayers (SAMs) is a versatile approach to achieve this objective. The 

modulation of the surface properties of this type of SAM is accomplished by applying a 

voltage (electrical input) to change the redox state of the grafted molecules. The oxidized 

and reduced species can display different physicochemical characteristics (electrical, 

optical, magnetic, chemical, etc.) that are used as the output of the switch. In order to 

promote the stability of the hybrid system (i.e., SAM/surface), it is desired that the redox 

potential, the voltage at which a redox process occurs, is low enough to avoid the 

monolayer desorption.1,2 It is key that the switching process is highly stable and 

reversible. 

The most common case is a bistable system showing two commutable redox states. 

Here, the SAM can be considered a binary memory displaying "0" and "1" states 

associated with the two redox-accessible species. This can be extended to ternary or 

multilevel memories if the system has richer electrochemistry and shows three or more 

well-differentiated stable redox states.3–5 For the electrical readout, the states can be 

directly correlated with the formal charges generated at the SAM in contact with the 

electrolyte, which determines the interfacial double-layer capacitance. This can be 

measured by EIS. However, as mentioned above, in the case that the various redox states 

show different physicochemical properties, such as optical and magnetic properties, they 

can also be used to identify the state of the switch (measured by EPR, UV-vis, 

fluorescence, etc.) (Figure 2.1).  
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Figure 2.1: Illustration of a switchable SAM triggered by an electrochemical input with 

an electrical, optical and/or magnetic output response.  

 

Some of the redox-active molecules that have been employed to prepare 

electrochemically switchable surfaces are metallocenes (such as ferrocene and 

derivatives), viologens, porphyrins, phthalocyanines, other metal-organic complexes, as 

well as stable organic radicals.6–13 Further, single monolayers and multicomponent 

molecular assemblies can be synthesized to generate advanced molecular logic functions. 

For instance, van der Boom and co-workers prepared such structures by step-wise 

immobilizing redox-active metal complexes on ITO.14 This system was operated with an 

electrical input to change the metal oxidation states (M2+/3+), addressing the logic 

elements individually, and the output was read optically by UV-vis absorption 

spectroscopy.  

Focusing on stable organic radicals, they are particularly interesting systems because 

they show paramagnetic and redox properties and, in some cases, interesting optical 

characteristics.15,16 Organic radicals are open-shell species with one or more unpaired 

electrons in the molecular structure. The existence of these unpaired electrons endows 

them with some unique physicochemical properties related to their open-shell electronic 

structure. Several stable organic radicals are known in the literature, like nitroxides (such 

as the prototypical 2,2,6,6,-tetramethylpiperidin-N-oxyl (TEMPO) radical), phenoxyl, 
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nitronyl nitroxides, verdazyl or chlorinated trityl radicals.17 Hence, taking advantage of 

the open-shell configuration and the versatile organic radical chemistry, which permits 

modulating spin-spin interactions and further control of their physical and chemical 

properties, great efforts have been devoted to boost their potential integration into 

magnetic, (opto)electronic and biological devices.17,18 One methodology explored to 

advance in this direction is the preparation of stable organic radical-based SAMs, as 

explained below in the Article I description.  

As mentioned above, metallocenes belong to another type of redox system that has 

been widely studied in fabricating molecular switches. In particular, the well-known 

electrochemical properties and stability of ferrocene (Fc) make it an ideal system for this 

purpose. A large variety of switchable materials based on Fc have been reported, 

including Fc SAMs, Fc-containing polymers, graphene/Fc composites, etc.19–22 Quantum 

dots (QDs) have also been chemically modified with Fc showing clear synergistic 

characteristics since the redox properties of Fc influences the QD features and vice 

versa.23 This is the focus of discussion for Article II.  

Therefore, this Chapter includes two works describing the development of novel 

strategies to prepare electrochemically triggered switchable surfaces based on an organic 

radical and Fc, respectively. In Article I, the preparation of SAMs based on an urazole 

radical was successfully achieved, pursuing higher stability of the electrochemical and 

magnetic properties of the grafted radical compared to its behaviour in solution. In Article 

II, monolayers of Quantum Dots functionalized with Fc on ITO electrodes have been 

prepared. The covalent anchoring of Fc units on the QDs shell has permitted tuning the 

fluorescence properties of the system by changing the redox state of Fc. Only by grafting 

this system on a surface a stable switch was realized, since the nanoparticle aggregation 

observed in suspension hinders the reversibility of the switch. 
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2.1.1. Article I: Efficient Routes for the Preparation of Urazole Radical 

Self-Assembled Monolayers on Gold Surfaces 

 

As commented above, stable organic radicals are appealing molecular building blocks 

for synthesizing functional (hybrid)materials mainly due to their inherent magnetic 

moment. Because of this, they are currently being investigated for their application in 

different fields, such as molecular quantum computing, molecular (opto)electronics and 

spintronics, energy storage conversion and (bio)imaging.24–28 Towards device integration, 

the deposition of stable organic radicals on surfaces (physi- and chemisorbed) has been 

pursued by several groups.26,29–33 Stable neutral organic radicals have been physisorbed 

on surface showing interesting properties such as the Kondo effect.33–35 However, to 

better stabilize such systems, direct chemical bonding of the molecules with the surface 

can be realized by modifying them with surface anchoring groups (thiols, disulfides, 

silanes, etc.). Alternatively, if required, a two-step functionalization approach can be 

followed by using a SAM of a linker with a functional group able to react with the organic 

radical derivative.29 Following one or the other methodology, radicals such as TEMPO, 

nitronyl nitroxides, and perchlorotriphenyl methyl (PTM) derivatives have been 

successfully grafted on different substrates like metals (i.e., gold), inorganic 

semiconductors, glass/quartz, metal oxides (i.e., TiO2, ITO) and silicon.26,29,36 Besides, 

Au nanoparticles (NPs) have also been functionalized with organic radicals and employed 

to investigate intramolecular spin exchange interactions between radicals covering the 

NP surface37 or applied in electrocatalysis.38 

In addition to the spin moment, the electrochemical switchability of organic radical 

SAMs is also a highly appealing characteristic. In our group, SAMs of chlorinated trityl 

radicals, particularly the polychlorotriphenylmethyl (PTM) radical, have been extensively 
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studied for the development of electrically triggered multi-responsive surfaces. C. Simao 

et al.39 have reported the preparation of robust PTM SAMs on ITO as non-volatile 

memories (Figure 2.2). A reversible redox wave, with oxidation and a reduction peak at 

+53 mV and -32 mV, respectively (at 100 mV·s-1), was observed by CV. This was 

associated with the radical/anion reversible redox process. The different optical 

absorption, emission, and magnetic responses were used to determine the state of this 

multi-channel switch. The absorption and emission bands were reversibly modified 

during the write/erase cycles (+0.3V and -0.3V, respectively). The PTM radical state 

showed an absorption band at 365 nm and an emission one-centred at 688 nm. 

 

 

Figure 2.2: PTM radical SAM grafted on ITO (top left) that can be reversibly reduced to 

the anion form (top right). (bottom-left) CV voltammograms at different scan rates. Inset: 

plot of the current intensity vs. scan rate; (bottom-right) Reversible current modulation in 

the ON (+0.3 V) and OFF (-0.3 V) states. Ag wire was used as reference electrode. 

Adapted from ref.39 
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On the other hand, in the PTM anion state, the absorption band was observed at 515 

nm, and no emission was detected. Furthermore, the EPR signal observed in the PTM 

radical SAM vanished upon reduction to the anionic form. Hence, the optical and 

magnetic outputs were suitable readout tools for determining the state of the switch 

(Figure 2.2).  

A much less explored family of organic free radicals is the one derived from 

heterocyclic triazolidine, named after urazole. N-aryl substituted urazolyl radicals are 

persistent nitrogen-centred radicals.40 Urazole radicals are stable when exposed to air;41 

nevertheless, they maintain an equilibrium with the N-N tetrazane dimer. The 

intermolecular interactions play an important role in this equilibrium process (Figure 

2.3).42 If the urazole core is functionalized with an aromatic ring, the presence of ortho 

substituents on this ring hinders the resonance stabilization of the radical spin because of 

the urazole ring's inability to achieve coplanarity with the benzene ring (Figure 2.3b).41 

On the contrary, in the absence of the substituents on the aromatic ring, the presence of 

radical species is favoured (Figure 2.3a).43 In addition, urazole radicals can also self-react, 

forming a C-N bond (Figure 2.3c).40 

Urazole radicals are generated in solution from their precursors by oxidation. Due to 

the dimerization reactions mentioned above, they cannot be isolated in the solid state; 

hence, they have been mainly studied in solution. Hence, the work carried out in this 

Thesis aimed to develop novel strategies to immobilize covalently urazole radicals on 

gold surfaces as described below. 
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Figure 2.3: Oxidation of urazole to form N-centered urazolyl radical that exists in 

equilibrium with N-N dimer in solution: a) in the absence and b) presence of ortho 

substitution on the aromatic ring. c) Urazole radical dimerization through self-reaction 

forming a C-N bond. Adapted from ref.40,41 

 

 The work reported in Article I was done in collaboration with Prof. Gary Breton 

from Berry College (Georgia, USA), who synthesized the employed derivatives. The 

urazole radical precursor was designed to include aryl-substitution with a short alkoxy 

chain and a terminal alkyne group responsible for the interaction with the gold surface 

through a C-Au bond formation. In short, the urazole derivatives were synthesized by 

reacting 5-chloro-1-butyne with potassium phenoxide in dry DMF that afforded the aryl 

ether. The reaction of the resulting compound with N-methyl-1,2,4-triazoline-3,5-dione 
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(MeTAD) in the presence of trifluoroacetic acid as a catalyst led to the urazole derivative 

employed in this work (Figure 2.4).    

 

Figure 2.4: Urazole derivative employed in Article I for the preparation of SAMs on 

gold. 

 

Prior to the SAMs preparation, the formation and stability of the urazole radical 

derivative were deeply investigated in solution. First, the generation of the radical was 

carried out following reported methodologies. EPR and UV-vis characterization showed 

that the radical was stable over 5 hours in solution. However, after 24 hours, the radical 

self-reacted dimerizing, forming a C-N bond. 

Then, two approaches were employed for the SAMs formation, considering that the 

radical in solution was only stable for a few hours. In the first one, the radical urazole 

precursor was grafted on the surface, and the radical was in situ generated under oxidizing 

conditions. In the second approach, the radical was formed in solution and subsequently 

attached to the gold surface. The functionalized surfaces were fully characterized by EPR 

and CV, demonstrating the successful immobilization of the urazole radical derivatives. 

Density functional theory calculations showed that the molecules tend to be vertically 

oriented concerning the surface, which helped to estimate the surface coverage. The 

results showed that the first approach was more effective, although it could be expected 

that for longer-lived urazole radicals in solution the second approach could be more 

suitable.   
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2.1.2. Article II: Fluorescent Switchable Surfaces Based on Quantum 

Dots Modified with Redox-Active Molecules  

 

Quantum Dots (QDs) are zero-dimensional nanostructures with shape-dependent 

optoelectronic properties showing size-tunable emission wavelength.44 Owing to their 

luminescence properties,45,46 QDs have attracted attention in biomedical imaging,47 

optical quantum computing,48 light-emitting diodes (LEDs),49 displays,50,51 solar cells,52 

and sensors.53,54  

Nevertheless, QDs are extremely vulnerable to some external stimuli, such as 

oxidation,55–57 moisture58 or heat,59–61 and because of that, they are often chemically and 

thermally stabilized by a semiconductor shell62–65 fabricated with heavy or inorganic 

materials (i.e., Cd, Se, ZnO, silica, etc.).66 This shell helps to maintain or improve their 

optical properties.67–69 Additionally, usually these core/shell QDs are synthesized having 

a protecting or passivating surface molecular layer (e.g., trioctylphosphine oxide (TOPO) 

or trioctylphosphine (TOP), which increases their colloidal stability (Figure 2.5a). 

Interestingly, this organic layer can be substituted with another monolayer through a 

ligand-exchange reaction, allowing it to incorporate other functional molecules on the 

QD surface. Following this methodology, QDs have been functionalized with ligands 

acting as protecting70,71 and recognition groups 72 or with molecules that can modulate 

their optical properties (Figure 2.5b).73,74 In this latter case, the QDs have been 

investigated at the fundamental level in order to gain insights into the mechanisms driving 

the quenching or enhancement of the emission properties upon the ligands grafting. For 

example, this phenomenon has been reported for CdSe/ZnS core/shell QDs modified with 

alkane thiol derivatives.75 Thiol groups play a crucial role as hole trap states, affecting the 

relaxation of excited electrons from the conduction to the valence band and leading to 

non-radiative recombination processes, which results in emission quenching. 
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Figure 2.5: a) Illustration of a QD functionalized with an organic ligand-based 

monolayer. b) Surface engineering strategies of QDs with capping layers using oleophilic 

ligands, water-soluble surface layers using hydrophilic ligands, versatile tether 

functionalities via selective reactions or interactions, and biofunctionalities for targeting 

or therapeutic applications. Adapted from ref.72  

 

 Molecules with electron donor or electron acceptor character have been employed 

to covalently modify the QDs shell in order to study the charge transfer processes between 

the molecule and the QD.76 The quenching mechanism depends on the species attached 

to the QD surface. For instance, when an electron acceptor grafted to a QD surface has 

the lowest unoccupied molecular orbital (LUMO) at lower energy compared to the QD 

conduction band edge, a photoinduced electron transfer from the QD to the electron 

acceptor takes place (see Figure 2.6a). As a result, the luminescence of the QD is 

quenched. Conversely, if an electron donor species is grafted on the nanocrystal surface 

with the highest occupied molecular orbital (HOMO) at higher energy with respect to the 

valence band, an electron transfer from the molecular donor to the photoexcited QD is 

promoted, also resulting in luminescence quenching (see Figure 2.6b).77 
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Figure 2.6. Schematic representation of the electron transfer a) from the photoexcited 

QD to an electron acceptor molecule and b) from an electron donor molecule to a 

photoexcited QD. Adapted from ref.77 

 

Previously to the work done in this Thesis, other authors have investigated the QD 

surface modification with ferrocene (an excellent electron donor). Dorokhin et al.78 

demonstrated that the photoluminescence of CdSe/ZnS core/shell QDs could be tuned by 

grafting ferrocenyl alkane thiols of different lengths (Figure 2.7a). They observed that the 

quenching efficiency increased by decreasing the alkyl spacer length (Figure 2.7b). The 

proposed mechanism involved a hole transfer between the photoexcited QD and the 

ferrocene.  

 

Figure 2.7: a) Ligand exchange reaction between a CdSe/ZnS core/shell QDs stabilized 

with a surfactant and the Fc thiolated ligands. b) QDs luminescence quenching depending 

on the length of the Fc ligand. The graph shows a decrease in the luminescence intensity 

by decreasing the Fc-QD distance. Adapted from ref. 78 
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However, despite the great progress and stability improvement upon incorporating 

the organic shell, the QDs colloidal suspensions tend to aggregate over time, which 

promotes self-quenching and limits their potential applications.79 Different strategies 

based on increasing the distance between nanoparticles have been explored to circumvent 

this issue, for example, by using long alkyl chain molecules as ligands.80 Another route 

is the surface deposition of QDs, which has opened new perspectives for the fabrication 

of advanced optoelectronic devices.81 The most common approaches to deposit QDs on 

surfaces are spin-coating82–84 and inkjet printing.85,86 Nevertheless, with these techniques, 

the obtained thin films are usually composed of multilayers and the QDs are not 

covalently attached to the surface.  

 Based on all these precedents, the main goal of the second work included in this 

Chapter (Article II) was to design and fabricate robust electrochemically switchable 

Fc@QDs-based monolayers on ITO. In particular, CdSe/ZnS core/shell QDs were 

employed. For this purpose, a three-step approach was optimized to obtain the covalently 

anchored QDs: 1) formation of a thiol-terminated SAM on ITO, 2) on-surface ligand 

exchange reaction to link the QDs/octadecylamine to the modified ITO surface and 3) on-

surface ligand exchange between the amine and the ferrocenyl alkane thiols. The resulting 

surface combined the fluorescence properties of CdSe/ZnS QDs and the redox activity of 

the Fc. First, the SAMs were characterized by XPS. Then, the redox activity of the grafted 

Fc/QDs was proved by cyclic voltammetry. Based on the redox peak position, the 

reversible modulation of the luminescent properties was carried out by applying the 

voltage needed to oxidize or reduce the Fc molecules (+0.6 V and 0 V, respectively). The 

oxidation of the Fc to ferrocenium (Fc+) induced a decrease in the luminescence intensity 

("OFF" state), which was recovered upon the reduction back to Fc ("ON" state). The 

application of consecutive switching cycles without losing the response demonstrated the 

high stability and reversibility of this system. Moreover, to modulate the ON/OFF ratio 
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of the switch, the spacer distance between the QDs and Fc molecules was adjusted using 

ligands with different spacers. The maximum ON/OFF ratio of 27% was realized with the 

shorter spacer. 

Remarkably, the partial oxidation/reduction of the grafted Fc molecules was 

achieved by applying an intermediate voltage (+0.3 V), giving rise to an additional 

intermediate fluorescence state and, hence, a ternary optical switch. Importantly, our 

work showcases an efficient and novel approach to fabricate robust fluorescent redox 

switches by harnessing the luminescence properties of QDs. By immobilizing the QDs 

on the surface, we have effectively prevented their aggregation and self-quenching, 

enhancing their switching performance. 
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2.2. Summary 

 

In summary, two novel switchable surfaces have been developed employing redox-

active molecules. First, the preparation of SAMs on gold based on a new urazole radical 

derivative has been achieved, proving that these radicals can be stabilized on surface. The 

electrochemical and paramagnetic activity of the modified surfaces was demonstrated. 

The obtained results could serve as a seed for the design and preparation of more robust 

surfaces based on these radicals, which until now have been hardly explored due to the 

inability of urazole radicals to be isolated in solid state and their sometimes-limited 

stability in solution. 

Further, it has been demonstrated that QDs can be covalently linked to ITO substrates 

with a proper surface functionalization strategy. The stable QDs SAMs were modified 

with Fc through an on-surface ligand-exchange. The redox state of the Fc was exploited 

to reversibly modulate the fluorescence of the system. Furthermore, it was shown that 

controlling the ratio of oxidized/reduced Fc species on the QD surface can also be used 

to fine-tune the substrate luminescence, leading to a multistate switch.  
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CHAPTER 3:  

SAMs for Electrochemical 
Sensing Applications 

 

 

This Chapter includes two scientific papers related to the use of molecular 

SAMs acting as recognition units for sensing applications. In these works, 

the SAM/analyte binding is driven by either supramolecular π-π or host-

guest interactions, and the readout is performed using impedance 

electrochemical spectroscopy or an electrolyte-gated field-effect transistor. 

 

Article III: Selective Discrimination of Toxic Polycyclic Aromatic 

Hydrocarbons in Water by Targeting π-Stacking Interactions 

 

Article IV:  pH Sensor Based on Supramolecular Host-Guest Interactions 

and an Organic Field-Effect Transistor with a Magnetic Carbon Gate 

Electrode 
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3.1 Introduction 
 

Electrochemical sensors based on SAMs are appealing devices because the 

tailored interface promotes selective molecular recognition enhancing the sensor 

performance. Importantly, the use of an electrical transducer is particularly suitable for 

device integration. These devices can be easily miniaturized and integrated with an 

electronic acquisition module. In addition, electrochemical signals can be collected by 

simple, portable, low-cost instruments with low power consumption, making these 

sensors attractive for point-of-care (POC) tests or in-field analysis.1,2 

Upon the SAM/analyte interaction, the electrode/electrolyte interface is modified. 

As mentioned in the Introduction, one method to monitor these interfacial changes is by 

studying the capability of the electrode to transfer electrons to/from a redox probe present 

in the electrolyte solution. Changes in the current intensity and/or redox peak position in 

the cyclic voltammogram plot as well as the modification of the charge transfer resistance 

(RCT) measured by Electrochemical Impedance Spectroscopy (EIS) (Figure 3.1a), are 

commonly used to evaluate the response of the sensing SAM. From the plot of the 

electrical signal variation vs. the analyte concentration, the characteristic parameters of 

the sensor can be determined. These are sensitivity, selectivity, limit of detection (LOD), 

response time and stability.2 These, together with the repeatability and reproducibility, 

are the figures of merit to be considered for validating the sensor. In the case that 

undesirable interferences cannot be screened from the target analyte, i.e., the 

impossibility of discriminating between other similar molecules, the applicability of the 

sensor is reduced due to the poor selectivity capacity.3,4 Figure 3.1a-c shows the expected 

behaviour of an ideal sensor measured by EIS. A brief description of the main parameters 

that determine the operation of the sensor is given below. 
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Figure 3.1: Ideal behaviour of an impedimetric sensor: a) RCT changes with the analyte 

concentration increase; b) calibration curve, and c) selectivity illustrated by a high RCT’ 

for the analyte detection in comparison with the one obtained for the interferences.  

 

The sensitivity is calculated from the slope (m, Figure 3.1b) of the calibration 

curve, and it refers to the change in electrical signal (current, potential, impedance, etc.) 

per unit change of analyte concentration.5 The calibration curve is performed in the 

concentration range where the sensor responds typically linearly or logarithmically. The 

LOD is the lowest analyte concentration derived from a detectable signal change acquired 

with an acceptable degree of certainty.6  

In order to compare data coming from different experiments, the calibration curve 

is often plotted using normalized values. Each point in the plot in Figure 3.1b is calculated 

as follows:  

ோ೔ିோ೑

ோ೔
=  
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ோ೔
= 𝑅𝐶𝑇′      ( 16 ) 

 

where ΔR is the difference between the electron transfer resistance before (Ri) and after 

(Rf) each measurement, and RCT′  is the normalized electron transfer resistance. In Figure 

3.1c, the selectivity is illustrated by an electrochemical anti-interference plot, where a 

high RCT′ value is measured for the target analyte, while this value is very low for the 
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interferences. The effect of the presence of interferences together with the analyte or the 

effect of a specific matrix on the sensor performance can also be evaluated by estimating 

the percentage of recovery, that is, by comparing the measured RCT′ at a specific analyte 

concentration (RCT′analyte) with the value calculated from the calibration curve (RCT′curve): 

  𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 % =
RCTᇱ𝑎𝑛𝑎𝑙𝑦𝑡𝑒

RCTᇱ𝑐𝑢𝑟𝑣𝑒
∙ 100    ( 17 ) 

Finally, the response time is an important parameter to consider for high-speed or 

high-throughput applications since it can limit the sampling rate used.  

It has been demonstrated that the use of SAMs in electrochemical sensors permits 

to achieve excellent results in terms of the values mentioned above and, moreover, it has 

the following advantages: i) it is an easy and versatile surface functionalization strategy 

ii) large modified surface areas can be achieved, iii) it allows device miniaturization and, 

iv) it is a low-cost methodology given that the sample preparation and the electrochemical 

characterization do not require expensive tools.7–9  

Going into more detail about the type of molecular interactions between the SAM 

and the analyte, it has been demonstrated that fast, reversible and repeatable sensors with 

high selectivity and low LOD can be obtained making use of non-covalent but highly 

directional supramolecular interactions.10–12 The governing attractive forces are mainly 

hydrogen bonds, electrostatic, van der Waals and hydrophobic interactions.13 The use of 

supramolecular chemistry in sensing has been inspired by nature, where it plays a vital 

role (i.e., substrate–enzyme interactions, specific DNA–protein interactions, hydrogen 

bond guided interactions among nucleobases in DNA and RNA, antigen–antibody 

interactions, etc.).14 Furthermore, the discovery by Pedersen of the crown-shaped 

macrocycle with the ability to selectively capture cationic species initiated the host-guest 

chemistry field.15  
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In this work, host-guest complexes formation and aromatic π-π interactions have 

been exploited for sensing applications (see scheme in Figure 3.2).  

 

Figure 3.2: Illustration of a SAM interacting with the analyte through a) host-guest and 

b) π-π interactions. 

 

Host–guest chemistry relies simply on dynamic non-covalent interactions. A 

widely employed strategy is the use of macrocyclic hosts (in pink in Figure 3.2a) like 

cyclodextrins (CD), cucurbit[n]urils, calix[n]arens, pillarenes, crown ethers and 

cyclophenes, among others (Figure 3.3a). They have reasonably rigid hydrophobic 

cavities with varying dimensions.16 For the formation of the complexes, guest molecules 

(in yellow in Figure 3.2a) are partly or entirely encapsulated in the macrocyclic host 

cavities.17,18  Although these interactions are weak compared to covalent bonds, the host-

guest complex is stabilized by various non-covalent interactions, and can show a 

remarkable affinity for specific compounds.19–21 
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Figure 3.3: Some macrocycles used as supramolecular recognition units for sensing. 

Adapted from ref.16,22 

 

Additionally, the formation of supramolecular assemblies by aromatic π-systems 

have emerged as an effective approach in sensing. The induced aggregation gives rise to 

conformational changes and/or different optical and charge transfer properties, which can 

be measured with a broad range of techniques.23,24 The π-π interactions between two 

aromatic species can be classified into three categories: edge-to-face (T-shape), parallel 

displaced and cofacial parallel, being the latter the most common for substituted and large 

multiring aromatic compounds.25  

In this part of the Thesis, we have taken advantage of the above-explained 

supramolecular interactions to develop two novel electrochemical sensing platforms. 

Article III presents robust and highly sensitive electrodes modified with SAMs conceived 

to impedimetrically detect a series of polycyclic aromatic hydrocarbon (PAH) pollutants 

in water selectively. In Article IV, an electrolyte-gated organic field-effect transistor 

(EGOFET) that responds to pH is reported based on the pH-dependent host-guest 

complex formation between β-cyclodextrin and imidazole.  
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3.1.1. Article III: Selective Discrimination of Toxic Polycyclic Aromatic 

Hydrocarbons in Water by Targeting π-Stacking Interactions 

 

 Pollutants in water have become a constant rising problem due to industrial 

development, population growth, agricultural frontier expansion and the lack of 

wastewater treatment. Organic pollutants in water are serious environmental and health 

problems due to their toxicity and hazardous effects.26 A particular class of organic 

contaminants that have raised concern are Polycyclic Aromatic Hydrocarbons (PAHs) 

because they are serious disease promotors, such as cancer and mutagenic illness, among 

others. PAHs are composed of two or more fused aromatic rings in linear, angular, or 

cluster arrangements, and they are originated from combustion and industrial processes. 

The International Agency for Research on Cancer (IARC) and the US Environmental 

Protection Agency (EPA) have determined that PAHs are the most popular semi-volatile 

organic contaminants, and their monitoring has become mandatory within the 

environmental regulations.23 EPA has proposed to monitor a set of 16 PAHs which are 

frequently found in environmental samples (Figure 3.4): naphthalene, acenaphthylene, 

acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 

benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 

benzo[a]pyrene, benzo(g,h,i)perylene, dibenzo(a,h)anthracene, indene(1,2,3–cd)pyrene.  
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Figure 3.1: Molecular structure of the 16 most critical PAHs present in environmental 

samples classified by the EPA. 

 

Many techniques have been developed for PAHs determination with great 

sensitivity and selectivity, such as high-performance liquid chromatography (HPLC) with 

UV–vis absorbance or fluorescence detection,27–29 capillary electrophoresis30,31 and gas-

chromatography coupled with mass spectrometry (GC-MS).32–35 Nevertheless, some 

limitations can be found, as follows: 

 Analyte loss during sample preparation. 

 Expensive methodologies. 

 High time-consuming. 

 Large sample volumes. 

 Need of supervision by trained personnel.  

Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene

Anthracene Fluoranthene Pyrene Benzo[a]anthracene

Chrysene Benzo[b]fluoranthene Benzo[k]fluoranthene Benzo[a]pyrene

Benzo(g,h,i)perylene Dibenzo(a,h)anthraceneIndene(1,2,3–cd)pyrene
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Consequently, methodologies that can surmount the mentioned limitations are 

needed. Electrochemical tools can address these problems through low-cost, multiplexed 

analysis, ultrasensitive and real-time monitoring.36 However, due to the low solubility of 

PAHs in water, these pollutants are found at low concentrations, representing a serious 

challenge to develop simple voltammetric analysis for their detection. Considering this, 

surface engineering offers great perspectives since it is a key strategy to fabricate highly 

sensitive electrochemical platforms that respond to small external stimulus.  

In a previous work of the group, a pyrene-based SAM on ITO was exploited to 

impedimetrically detect pyrene in water through the formation of  interactions with a 

low limit of detection.37  Remarkably, the sensor did not detect other small PAHs, which 

was attributed to the most favourable π−stacking interactions formed between identical 

PAHs. Based on these results, this Thesis aimed to go a step toward customizing the 

electrodes carrying the desired recognition unit to selectively discriminate between a 

range of small PAHs. 

For the preparation of the electrode surfaces, four different PAHs were covalently 

grafted on ITO by the reaction between an epoxy-terminated SAM with PAH-amino 

derivatives. The four model PAH molecules were: naphthalene, anthracene, pyrene, and 

fluoranthene. Through an electronic tongue approximation and using EIS measurements, 

we successfully achieved the selective discrimination and quantification of these targeted 

PAHs in aqueous samples, even at ultra-low concentrations. The formation of π-π 

sandwich complexes between identical PAHs switched the surface electron transfer 

capability. A particularity of the investigated system is that counterintuitively upon the 

binding of the PAHs with the SAM, the measured RCT decreased, i.e., it favored the 

electron transfer between the redox probe in the electrolyte solution and the electrode. 

This was explained by a possible reorganization of the SAM after the PAH−PAH 
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interactions. LODs in the 1-2 ng·mL-1 range were achieved for the 4 sensors, which are 

lower than the values reported for other electrochemical systems used for PAHs sensing.23 

Importantly, the explored PAH-based SAMs also exhibited great sensibility and 

selectivity, mostly displaying a response signal lower than 10 % for any interference (i.e., 

for the detection of PAHs differing from the one used in the SAM). Furthermore, the 

findings were validated by conducting experiments with a certified reference PAH 

mixture, which further confirmed the accuracy and reliability of the method.  

Our novel and generic electrochemical approach provides a promising means to 

identify and differentiate pollutants based on their unique complementary π-stacking 

interactions, offering potential applications in environmental monitoring analysis. 

 

3.1.2. Article IV: pH Sensor Based on Supramolecular Host-Guest 

Interactions and an Organic Field-Effect Transistor with a 

Magnetic Carbon Gate Electrode 

 

Electrolyte-Gated Organic Field-Effect Transistors (EGOFETs) are excellent 

platforms for the development of sensors because they operate in an aqueous environment 

at low voltage and can transduce and amplify surface phenomena into electrical signals.38 

EGOFETs are very sensitive to interface changes, and thus, small modifications at the 

gate/electrolyte or electrolyte/OSC interfaces change the electrical device response. 

Modifying the gate electrode with a SAM that interacts with a specific analyte is an 

interesting approximation to progress towards more sensitive and selective (bio)sensors. 

Gold gate electrodes are usually employed because the surface engineering protocols are 

well-established, but other electrodes such as carbon-based, can also be used.39 In 

particular, carbon composite electrodes (CPE) have been employed for this purpose. 
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CPEs are prepared from a mixture of a conductor carbon nanoallotrope and an insulator 

polymer.40 The CPEs are non-toxic and environmentally friendly and have multiple other 

benefits such as robustness, convenient electrical conductivity, stable response in water 

media, high specific surface, facile tunability with a wide range of recognition elements 

and the active surface of the electrode can be reset by simply polishing it. 

In addition, CPEs also offer the possibility to incorporate in them a magnet. In this 

way, an appealing route that has been followed in electrochemistry has been to 

functionalize magnetic nanoparticles with recognition groups, incubate them with the 

target analyte, and collect them on the surface of a CPE.41 This methodology permits the 

concentration of the analyte on the electrode surface achieving sensors with higher 

sensitivity. This approach has been recently applied in our group in EGOFETs, that is, 

using a magnetic CPE as gate contact for the development of sensors. 

 Nevertheless, MPNs tend to aggregate being very sensitive to external factors 

such as ionic strength or pH,42 which is a drawback for their implementation. In order to 

prevent irreversible clustering, several strategies have been reported, like the addition of 

polymers or surfactants forming lipid-like coatings around the magnetic core or 

nanoparticles that hinder post-nucleation cluster growth, maintaining particle domains 

against attractive forces.43,44  

Paper IV describes the development of a low-cost EGOFET pH sensor using a 

magnetic CPE gate electrode. This electrode is used to collect from the sample solution 

cobalt iron oxide MNPs decorated with CdS quantum dots (QD) modified with β-

cyclodextrin (β-CD) (β-CD/CdS-QD@MNPs, Figure 3.5). The latter forms a host-guest 

complex with imidazole, whose amphoteric character, with a pKa close to 7, makes this 

material highly suitable for investigating the host-guest interactions at various pH. At pH 

values above the pKa, imidazole will be mostly deprotonated and complex with β-CD, 
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whereas at pH values below the pKa, imidazole will be mostly protonated and will not 

enter into the β-CD hydrophobic cavity (Figure 3.5a). Therefore, here the well-known 

supramolecular complex formation between β-CD and imidazole ([C3H4N2]) was 

exploited to indirectly sense the pH of the sample.  

 

Figure 3.2: a) (top) Equilibrium between the protonated and non-protonated imidazole 

and (bottom) scheme of the supramolecular β-CD-[C3H4N2] complex formation (at basic 

pH) and decomplexation (at acid pH). b) Illustration of the MNPs decorated with CdS 

QDs modified with β-CD (β-CD/CdS-QD@MNPs) and without β-CD (CdS-

QD@MNPs).  

 

As mentioned in the paper, the prepared MNPs tend to aggregate at acid pH. The 

fluorescence properties of both CdS-QD@MNPs and β-CD/CdS-QD@MNPs systems 

were studied at pH = 2.5 to determine the influence of the β-CD on the MNPs colloidal 

suspension time-stability (Figure 3.6). It was found that the CdS-QD@MNPs suspension 

shows a drastic fluorescence intensity decrease (almost 50 % over 30 min.). On the 

contrary, the recorded signal for β-CD/CdS-QD@MNPs samples was stable during the 

measured time period. These results highlight the improved colloidal time-stability of the 
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particles when the QDs are functionalized with the β-CD, which may act as a surfactant 

stabilizing layer.  

 

Figure 3.3: Evolution of the maximum of the emission band at 533 nm (λexc = 390 nm) 

at pH 2.5 over 30 min. Sample: 1 mg·mL-1 CdS-QD@MNPs (in green) and β-CD/CdS-

QD@MNPs (in orange) in a buffer solution containing 0.1 M PBS and 10 mM [C3H4N2].    

 

However, the aggregation of the nanoparticles in the suspension hinders the 

straightforward utilization of fluorescence output for monitoring the complexation 

process.  

Subsequently, the CPE electrodes with collected β-CD/CdS-QD@MNPs, after 

their incubation with [C3H4N2] at acid and basic pH, were analyzed by CV and EIS using 

a redox marker. Using both techniques, an increase in the charge transfer resistance was 

observed at basic conditions, ascribed to the host-guest complex formation.  

Following, the EGOFETs were fabricated and characterized in collaboration with 

Dr. Adrián Tamayo from our group. For the EGOFET fabrication, an organic 

semiconductor film based on a blend of 2,8-difluoro-5,11-

bis(triethylsilylethynyl)anthradithiophene (diF-TES-ADT) with polystyrene (PS) was 
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prepared as previously reported.45,46 The CPE was used as the gate electrode. For the 

sensor evaluation, β-CD/CdS-QD@MNPs were dispersed in a PBS solution containing 

[C3H4N2], and after 10 minutes of incubation, the MNPs were collected at the CGE 

surface and measured in the EGOFET. This process was performed over a pH range of 1 

to 10. It was observed that when using more basic solutions, the transfer curves displayed 

a notable decrease in current and a shift towards more negative gate voltages. This 

behaviour was attributed to the deprotonation of imidazole at high pH, allowing it to form 

the stable complex β-CD-[C3H4N2]. To confirm the reversibility of the device, β-

CD/CdS-QD@MNPs were alternatively incubated in both acid (pH = 3) and basic (pH 

= 9) solutions containing [C3H4N2]. After each measurement, the CGE electrode was 

polished to remove the collected nanoparticles and re-used. The system exhibited high 

reversibility and reproducibility. 

This study demonstrates the potential of supramolecular interactions for the 

development of sensors and highlights the broad prospects of employing magnetic gate 

electrodes in EGOFETs. 
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3.2 Summary 
 

 

In summary, we showed that the development of electrochemical sensors based 

on electrodes functionalized with SAMs bearing recognition groups brings great 

opportunities to fabricate sensing platforms relevant to environmental and health 

applications. Remarkably, it has also been demonstrated that supramolecular interactions 

are an efficient route to achieve high sensitivity and selectivity.  

In particular, with the works described in this Chapter, we demonstrated:  

1) The successful electrochemical discrimination of hazardous PAH pollutants in 

aqueous samples by taking advantage of the unique supramolecular π−stacking 

interactions between identical aromatic small molecules, achieving great sensitivities (in 

the order of part per million levels, ppt). 

2) The fabrication of an EGOFET-based pH sensor using a magnetic CPE gate 

electrode displaying high sensitivity in a wide pH range from 1 to 10. This has been 

achieved by exploiting the supramolecular host-guest interactions between β-CD and 

imidazole which influenced by the pH media. The EGOFET pH sensor exhibited 

excellent stability, reproducibility and re-usability.  
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Conclusions 

 
 

In this Thesis we studied the fabrication of new molecular hybrid materials based 

on functional self-assembled monolayers (SAMs) grafted on inorganic electrodes for 

electrochemical sensing and switching applications.  

In particular, the research conducted led to the following conclusions: 

i. The preparation of functional SAMs is a versatile, easy and low-cost methodology for 

tailoring surfaces with specific properties. In addition, anchoring specific molecules or 

nanoparticles on surface can increase their stability by avoiding nanoparticle 

aggregation or specific intermolecular reactions. Hence, the surface grafting of materials 

can be an appealing route to boost their potential in practical applications. 

ii. Magnetically and redox-active SAMs have been prepared using urazole radical 

derivatives, a particular class of nitrogen-centred stable organic radicals. The 

optimization of the protocol to achieve a high surface coverage has been carried out. It 

was elucidated that the generation of the radical by oxidizing the SAM of the urazole 

precursor is preferable compared to the direct formation of the SAM using the 

previously formed radical in solution. Remarkably, although urazole radicals cannot be 



 

186 
 

isolated in solid state and might show limited stability in solution, here it was 

demonstrated that urazole radicals can be successfully stabilised in a SAM.   

iii. SAMs on ITO based on CdSe/ZnS quantum dots (QDs) functionalized with a monolayer 

of redox-active ferrocenes (Fc) have been prepared. The QDs were covalently anchored 

to the ITO through an on-surface ligand reaction with a thiol-terminated SAM and were 

then further modified with ferrocenyl alkane thiol derivatives in the last step. This novel 

methodology has permitted to prepare a stable electrochemically triggered switch using 

the QD fluorescence properties as output. It has been demonstrated that different 

parameters, such as the spacer length between the QD and the Fc or the ratio of 

oxidized/reduced Fc units at the particle surface, allow tuning the quenching efficiency 

and, thus, the switching response. This approach can be expanded to include other 

relevant functional molecules that may interact or contribute differently to the optical 

response of QDs, opening a broad range of possibilities to explore in sensing and 

information storage. 

iv. The use of SAMs that can interact with certain analytes by supramolecular interactions 

has been demonstrated to be a successful strategy for developing sensing platforms with 

excellent limits of detection (LODs), sensibility and selectivity.  

v. Impedimetric sensors based on SAMs bearing polycyclic aromatic hydrocarbons 

(PAHs) have been developed for the successful electrochemical differentiation of 

hazardous PAH pollutants in aqueous samples. This approach benefits from the 

supramolecular π-stacking interactions present among identical aromatic molecules. 

This achievement demonstrates the feasibility of achieving selective discrimination of 

a wide range of small aromatic molecules. 

vi. The supramolecular complex formation/desorption between imidazole and-

cyclodextrin (-CD) at different pHs was exploited to develop a pH indicator.  Magnetic 
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nanoparticles (MNPs) decorated with CdS quantum dots (QD) functionalized with 

thiolated-CD were synthesized. The β-CD/CdS-QD@MNPs were incubated with 

imidazole at different pHs and collected on a magnetic carbon-paste electrode, which 

was used as gate contact in an Electrolyte-Gated Organic Field-Effect Transistor 

(EGOFET). The device showed high sensitivity and reversibility in a wide pH range 

from 1 to 10 as well as excellent re-usability. 
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