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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 n—stacking interactions between identical small aromatic molecules. Finally, a pH

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



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 B-cyclodextrins and imidazole was exploited as indirect indication of the

solution pH.
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Chapter 1

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)."* 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.* Their preparation is usually achieved
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following a Top-down or a Bottom-up approach (Figure 1.1).°> 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.®
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.”® 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).!?

Top-Down

Bottom-Up
.
¥

&
onN

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.

Spacer
Group

Anchoring
Group

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):!!

)

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 substrates'? and

silanes on oxides.!* Nevertheless, other anchoring groups like carboxyl,'*

15,16 17

organophosphorus aryl-diazonium!” and terminal alkynes,'® have also
been employed to functionalize surfaces.
Spacer group: It bridges the anchoring and terminal groups and determines

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

3
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iii)

intermolecular interactions between neighbouring spacers (van der Waals,
hydrogen bonds) help to stabilize the monolayer and improve the SAM
packing.

Terminal group: 1t 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).!%26

Figure

Corrosion
Prevention

Tunning Surface
Tension

Catalysis

(Bio)recognition

1.3: Different applications in which SAMs are employed.



Chapter 1

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:?’

i kC(1—-6

= (1 — 7

o (1-06) (1)
where k£ is a rate constant, C is the adsorbate concentration and & the normalized

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

charge at a given time, and QO 1s the maximum reductive charge:

Q
0 = (2)
Qmax
By integrating Eq. 1, the following expression is reached:
In(1-6)=—kCt (3)

This is the simplest model usually used to describe SAM growth kinetics on the
surface.?® 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).?’ 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.*® Considering the
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solution-based methods, the most common is the immersion approach since it is simple
and versatile.?! However, other approaches, such as the Langmuir-Blodgett deposition®>*

or spin coating, have also been used when faster processes are required.**>>

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:
e Substrate: The surface roughness directly impacts the SAM packing and the
formation of defects.’®3” Further, activating or pre-treating the substrates is
required depending on the substrate-anchoring group reactivity.>® For instance,

oxide substrates are typically activated with an oxidant solution, piranha etching*
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or plasma,***! 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 exposition*? or mechanical (polishing)
processes.®’

e 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.** 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.***

e 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).*

e Temperature: High temperatures can lead to either layer desorption*® or
amorphous material on the surface.*’ 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.

e Concentration and immersion time: Both parameters are related to each other.?’
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.



Chapter 1

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.*?

1 2 3 4 6
— | I .

OOTHESH eI i R i
)

n

el

Figure 1.5: Different types of SAM defects: /) step edges, 2) airborne impurities, 3) SAM
crystal edges, 4) gauche, 5) gold grain boundaries and 6) step edges. Image adapted from

ref.®

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.* 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:>*>*

e 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.? 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 H, (Figure 1.6).%*

e 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.

. Carbon
‘ e Hydrogen

~« wf

Gold Surface

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:

ka

Ads + Au Adsy - Au

kd

kt
Adsj- Au —> Adsg-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 k¢ 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.™® 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).%7

First, the silane is hydrolyzed. This process occurs at a different rate depending
on the silane derivative,’® being slower if the leaving group is larger and ramified,” 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.

10
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) Condensation (
Hydrolys\ls & Silanization
P \ K
) )

A

’ Terminal Group Silane

@ Carbon
o Oxigen

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.®*®! 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.®?

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

11
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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).6%64

S

Figure 1.8: Illustration of the CA (o) 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.> 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. %668

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.®>’® 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.” AFM
is suitable for most non-conductive SAMs, including those formed by multilayers or
containing large molecules, such as proteins.”>’*> 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.”*
It is susceptible to the chemical environment of the elements, such as the chemical bonds
and charge transfer from/to the surface.”” 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.”® Furthermore, since XPS is a surface-
sensitive technique, it is susceptible to contamination, sometimes hindering its use in a
quantification manner.”’

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".”® Furthermore, NEXAFS can be used to determine the
SAM orientation on the surface plane and the elementary composition.”®! 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 m* and o* states (NEXAFS, right). Adapted from

ref.%?

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.®’
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.35¢
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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.}” For SAMs, their characterization is done in transmission mode using
transparent surfaces such as glass, quartz, or oxides (like Indium Tin Oxide (ITO)).388°

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.”® 2

Electron paramagnetic resonance spectroscopy (EPR) characterizes the
paramagnetic character of a SAM composed of metal complexes or organic radicals.3%
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.**

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)s]*"*) 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 (A), temperature (T), Gibbs free energy (AG) and the donor-
acceptor electronic coupling (Hag). These variables are related to the molecular chain
structure and length, the nature of the redox functional group, the environment, etc.”>®
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.”” 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.”® The main electrochemical
methods used in this Thesis for the SAMs characterization are Cyclic Voltammetry (CV)

and Electrochemical Impedance Spectroscopy (EIS).”

1.3.1 Cyclic Voltammetry (CV)

CV 1is the most commonly used electrochemical tool and does not require
expensive or sophisticated instrumentation, becoming a very accessible technique.'® 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 (Er4) and reduction/cathodic (Erc) peaks, at specific potentials, with
their respective anodic (/p4) and cathodic (/pc) current represented by the height under
the hysteresis curve of each event. The formal redox potential (E£;,) is found in the mid-

way of both anodic-cathodic potentials as follows:”

Bp=—72 ()
In solution, the potential difference between the oxidation and reduction peaks
(4Ep= Epc-Ep4) 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 (4Ep~ 0 V).

18



Chapter 1

o e

-

1
]
1
1
1
1
1

Current/ A

02 0 02 04 06
Potential/ V vs. RE

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:*’

= Apeak

n-Fv (3)
where I is the surface coverage (in mol-cm™), n is the transferred electrons, Apea is the
integrated area under the anodic or cathodic peak (in A-V-cm™), F is the Faraday constant
(96.485 A-s-mol!) and v 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.!"!
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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).*>!® The FWHM of an ideal

situation is given by Eq. 6:

RT _ 906
FWHM—3.53F— (6)

n

Further, the background (capacitive current, /., 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 (Icn) is correlated with the electrical double-layer

capacitance (Cpy), often normalized by the electrode surface area (Asur).”

Icn _ Cpp
— =y (7)
Asyr  Asur

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.!%1%4

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.!%

20



Chapter 1

>

—
¥
LI—;
R

, elative minimum

Ceii

Ro  Ca
_l —
Ro Ra+Ra) 7 Ro Z

real

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

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

Impedance (Z) is the ability of a circuit to resist an alternating current (AC) flow,
measured in the same units as resistance (€2). Therefore, in a typical measurement, an AC
voltage, E(t), is applied on a range of frequencies (), measuring the resulting sinusoidal
current. This resulting AC current, I(t), is shifted in phase angle (6), 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).'%

E(t) = E° sin(wt) (8)

I1(t) =1°sin(wt — 0) (9)
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where ¢ is the time, and /° represents the magnitude of the current oscillation. The total

impedance (Z) is analogously calculated using Ohm's Law as follows:!%®

Z=% (10)

Following Euler's formula (Eq. 11), considering Eq. 10, and knowing that the
impedance has a phase shift 0, and an amplitude Z°=E°/1°, Z can be expressed as Eq. 12:
e’® = cos(0) + j sin(6) (11)

Z =2°cos(8) +j sin(0)] = Zreas + Zimag (12)

where Zea 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.'%

Real component: Zrear = |Z]|(cos 8) (13)
Imaginary component: Zimag = |Z|(j sin0) (14)

EIS measurements are typically plotted using the Nyquist diagram (also called
Cole-Cole),! 1% where Zreal (x-axis) is represented versus Zimag (y-axis). Bode plots can

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

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: 06111
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i.  Solution resistance (Rq): 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 (Cpr): 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, Rq can be extracted as the interception of the semicircle with the x-axis at
high frequency, while the semicircle diameter corresponds to Ret. Nevertheless, the non-

ideal behaviour of Cpr 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.!!'>!13 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.!'!*

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 (Cpr) of the electrochemical system and can be the sum of the real

(Crear) and imaginary (Cimag) capacitance components and calculated as follows:!%

Cp, = L 1
DL _j'W'Z (154)
_ Zimag . Zreal __ .
CDL - = w|Z|? - m — Lreal +]Cimag (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.!!>

Molecular electronics aims to use molecules as active components in electronic

devices (for sensing, switching, current rectification etc.).!'®'® 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.!!%!12

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.'?!"'*2 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),¥!2312* as sensors (having a recognition unit to certain
analytes)'?>!26 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.'?”-!2® 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.

25



Chapter 1

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,'?*13% an electric/magnetic field,'*!"!*? temperature,'** a voltage!** or the
presence of specific chemicals.!’>!3® 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.'*” 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.

26



Chapter 1

Electric Input @_ l?e
- e'
T —
-
+ e
S S S S
/ / / /
Gold Surface Output Gold Surface

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, '*® 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.'** 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 (Sla 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).
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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). ¢) Absorbance

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

of different reduction/oxidation cycles. Adapted from ref.!*

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.,'* 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.,'*! 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).
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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 ¢) CV showing the four redox states of the multilayer SAM. Adapted from ref.'#!

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.'#?
Maglione et al. reported the fabrication of an ITO conductive substrate coated with a
SAM containing terminal anthraquinone groups (AQ) (Figure 1.15).!%> 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 ¢ 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.
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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 uL) ¢) 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.!*?

1.4.2 SAMs for Electrochemical Sensors: Chemical Input and

Electrochemical Qutput

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.'*
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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,
n-1 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.!#+!4°

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).!#¢ 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.!'*’

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

S'® using a redox probe in

taking place at the electrode interface can be followed by EI
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*.!#’ 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 4Ep 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.!%° 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.
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Figure 1.16: Comparison between an electrochemically @) 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.!*

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.'?”!>° 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.!>! 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).!>?
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.'>?
developed a sensor for Cu** 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.'** 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™"), 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.'>

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 a-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).
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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.!>

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
OSClelectrolyte 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.!3® 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 (Vu), the device is switched on, and electrical current starts to flow along the OSC.
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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.!>’

These devices are raising much interest in developing (bio)sensors since they
operate in aqueous media at low voltages and amplify the electric signals."*® In fact,
EGOFETs have been used to detect large and small molecular weight molecules, virus

and biomarkers.!3%-160
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The OSClelectrolyte 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.'®! 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. !¢~
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 a-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).!®® The gate was
functionalized with specific antibodies against a-synuclein, following two different
approaches: i) using an amino-terminated self-assembled monolayer and iij) an His-
tagged recombinant protein G (Figure 1.20a). The interaction of the antibodies with a-
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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(a) Gate functionalisation steps
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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. ¢) 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

a-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.!6®
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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:

1.

ii.

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.

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 n—m 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

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.'? 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.’™ 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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Electrochemical
Input

Electrical, Magnetic, Optical
Output

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.®!*> 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.!* This system was operated with an
electrical input to change the metal oxidation states (M>"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.'>!® 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.!” 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.!”'® 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.!”?? 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.?? 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.?**® Towards device integration,
the deposition of stable organic radicals on surfaces (physi- and chemisorbed) has been
pursued by several groups.?%?*- Stable neutral organic radicals have been physisorbed
on surface showing interesting properties such as the Kondo effect.**> 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.?’ 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.?5?*3¢ Besides,
Au nanoparticles (NPs) have also been functionalized with organic radicals and employed
to investigate intramolecular spin exchange interactions between radicals covering the

NP surface®” or applied in electrocatalysis.*®

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

1.** have reported the preparation of robust PTM SAMs on ITO as non-volatile

et a
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'), 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.

On state Off state
Aabs =385nm Aabs=515nm
Aem=688nm No emission

S=1/2 S=0

{i - ON (+0.3V)
_4
6x 107" 2.
22
3x107 1160 260 300
. Scan rate (mVs™)
<
= 0 o
-3x107*
-1+ OFF (-0.3V)
4 r r T r T ' ' T :
T 00 59 01 2 3 4 5 6 7 8 9
E(V) Number of cycles

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.*’
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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.*® Urazole radicals are stable when exposed to air;*!
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).4? 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).*!
On the contrary, in the absence of the substituents on the aromatic ring, the presence of
radical species is favoured (Figure 2.3a).** In addition, urazole radicals can also self-react,

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

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. ¢) Urazole radical dimerization through self-reaction

forming a C-N bond. Adapted from ref **:4!

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).
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ﬁ

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.** Owing to their
luminescence properties,**® QDs have attracted attention in biomedical imaging,?’

50,51

optical quantum computing,*® light-emitting diodes (LEDs),* displays, solar cells,*

and sensors. >

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

55-57 t 59-61
9

oxidation, moisture®® or hea and because of that, they are often chemically and

thermally stabilized by a semiconductor shell®>® fabricated with heavy or inorganic

).%6 This shell helps to maintain or improve their

materials (i.e., Cd, Se, ZnO, silica, etc.
optical properties.®’%° 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

0.7 and recognition groups ’* or with molecules that can modulate

acting as protecting
their optical properties (Figure 2.5b).”>’* 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.” 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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Ligands

a)

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.”?

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.”® 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).”

63



Chapter 2

*QD—A — QD*—A" *QD—D — QDb™—D*

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.”’

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.’®
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.
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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.” 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.®® Another route
is the surface deposition of QDs, which has opened new perspectives for the fabrication
of advanced optoelectronic devices.®! The most common approaches to deposit QDs on

82-8% and inkjet printing.3>%¢ Nevertheless, with these techniques,

surfaces are spin-coating
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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ABSTRACT: The functionalization of substrates with radical species has been
shown to be a promising strategy to confer novel physical and chemical properties
to a surface. Urazole radicals are persistent nitrogen-centered radicals that are

insensitive to oxygen, making them desirable targets for the functionalization of a P -"l’!’m, i
surfaces. Here, we succeed in the preparation of self-assembled monolayers o Nﬁ\ ~
(SAMs) of a 1-arylurazole radical on Au surfaces using two different approaches. 4

In the first approach, a SAM of a radical precursor on the gold surface is prepared
followed by its chemical oxidation to generate the active urazole radical. In the
second route, the radical is generated in solution and subsequently grafted on the
Au surface. In both cases, the SAMs exhibit active radical behavior, but the SAM
prepared by the first approach demonstrates greater surface coverage of the

electroactive urazole radical species.

B INTRODUCTION

The functionalization of substrates with organic molecules has
proven to be a promising strategy to confer novel physical and
chemical properties to surfaces. This route has been
successfully exploited for the fabrlcatxon of chemical
sensors,' ™ for 1mm0blhzmg biomolecules,"® and for tuning
surface wettability”® or metal work function,” among other
applications. In particular, surface modification with stable
neutral organic radicals with one or more unpaired electrons
has recently attracted great attention in the fields of molecular
electronics and spintronics.” ™"

Stable neutral organic radicals have been physisorbed on
surface showing the Kondo effect.'”™'® However, to better
stabilize such systems for potential applications, the prepara-
tion of self-assembled monolayers (SAMs) chemically bonded
to the surface is often preferred."®'” This has been mainly
realized by designing and synthesizing neutral organic radicals
bearing appropriate surface anchors, for example, thiol or silane
groups to graft the molecules onto Au or oxide substrates,
respectively. In this way, SAMs of polychlorinated trityl
radicals,"®"® nitroxyls,"”*" and a-nitronyl nitroxyls*"** have
been widely investigated. Importantly, all of these radicals need
to be highly stable to survive the reaction conditions required
to prepare the SAMs and, further, the radical character needs
to be preserved after the surface self-assembly process. To date,
very few examples have been reported regarding the
preparation of SAMs using precursors to radical species that
are subsequently converted to their corresponding neutral
radical analogues by performing surface chemlcal reactions™ or
by interaction with a metallic surface.”*

© 2022 American Chemical Society

7 ACS Publications
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Urazole radicals, 2, which are readily accessible by oxidation
of urazole precursors 1, were first reported by Pirkle as early as
1978 (Scheme 1).*° Many of these mtrogen centered radicals
are indefinitely persistent in solution.”® While they are known
to be in equilibrium with the corresponding N—N dimers 3
(Scheme 1), significant concentrations of the radical species
remain present in the solution.”> >’ The unusual stability of
these radicals, coupled with their lack of sensitivity to oxygen,
make them desirable targets for the functionalization of
surfaces. 1-Arylurazoles radicals are easily synthesized by
established means and, therefore, in this paper have been
selected as initial targets for studying the feasibility of SAM
preparation.”™*® Although l-arylurazoles radicals such as 2b
are persistent in solution for many hours like other urazole
radicals, they eventually succumb to a self-reaction to form
urazole 4.°>*° Therefore, suitable methodologies have to be
applied to successfully achieve radical urazole SAMs.

In this work, we report the preparation and characterization
of urazole radical SAMs employing two different approaches.
The first route is based on prior preparation of a SAM using
the precursor to the radical species, followed by oxidization to
the corresponding radical form. In the second approach, the
radical is first generated in solution and then self-assembled on

Received: April 10, 2022
Revised:  July 14, 2022
Published: July 27, 2022
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Scheme 1. Formation of Urazole Radicals 2 from Urazole Precursors
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“The radicals are in equilibrium with N—=N dimers 3 in solution. bUrazole radical 2b undergoes a slow self-reaction to form 4.

the surface. Both approaches successfully lead to urazole
radical SAMs, as demonstrated by means of electrochemical
and electron paramagnetic resonance (EPR) detection.

B EXPERIMENTAL SECTION

General Methods for the Synthesis. Column chroma-
tography was conducted on a silica gel (234—400 mesh). Thin-
layer chromatography was performed on precoated silica gel
plates and visualized by ultraviolet light. 'H and “C NMR
spectra were obtained on a 400 MHz NMR spectrometer.
Chemical shifts are reported in units of parts per million
downfield from TMS, High-resolution mass spectra (HRMS)
were acquired via electron spray ionization on a Linear ion
trap-Fourier transform hybrid mass spectrometer (LTQ-
FTMS). N-methyl-1,3,5-triazoline-3,5-dione (2) was synthe-
sized via oxidation of N-methylurazole with DABCO-Br, as
described in the literature.”*”* All other chemicals and solvents
were obtained from commercial sources and used without
further purification unless otherwise noted.

(Pent-4-yn-1-yloxy)benzene (5). To a solution of 1 g (10.6
mmol) of phenol in 25 mL of dry DMF, 1.19 g (1 equiv) of
potassium fert-butoxide was added as a solid, at once, and
stirred for 0.5 h. To the resulting pale green solution, 1.0 g (1
equiv) of S-chloro-1-pentyne was added dropwise, and the
reaction mixture was stirred overnight. The resulting pale
brown mixture was poured into 50 mL of EtOAc, and the
combined organic layer was washed with 2 X 50 mL of H,0O
and 2 X 20 mL of sat. aq. NaCl, dried over Na,SO,, and
concentrated. Column chromatography (SiO,, 6:1 hexanes/
EtOAc) afforded 1.12 g (60% yield) of § as a clear colorless
liquid: 'H NMR (CDCL,) 6 7.26 (dt, J = 7.3, 8.5 Hz, 2H), 6.92
(t, ] = 7.3 Hz, 1H), 6.89 (d, J = 8.5 Hz, 2H), 4.03 (t, ] = 6.2
Hz, 2H), 2.38 (dt, J = 2.7, 6.9 Hz, 2H), 1.95-2.04 (m, 3H);
13C NMR (CDCL,) § 158.9, 129.5, 120.8, 114.5, 83.6, 69.0,
66.0, 28.3, 15.3. HRMS [ESI] m/z [M + H]+ Caled for
C,,H,,0: 161.09609; Found 161.09616.

4-Methyl-1-[4-(pent-4-yn-1-yloxy)phenyl]-1,2,4-triazoli-
dine-3,5-dione (6). To a stirring solution of 0.92 g (5.75
mmol) of compound 5 (neat) and 0.113 g (1 mmol) of
MeTAD, 155 uL (2 mmol) of CF,;CO,H was added via
syringe. The solution initially turned deep red-purple in color,
but then a thick white precipitate was formed. The precipitate
was suspended in 10 mL of CH,Cl, in a separatory funnel, and
2 mL of 1 M NaOH was added, which dissolved the

precipitate. The aqueous layer was washed with 1 X 2 mL of
CH,Cl, and then acidified with conc. ag. HCI, forming a thick
white precipitate. Washing with 3 X 50 mL of CH,Cl,, drying
over Na,SO,, and concentration afforded 0.134 g (49% yield)
of 6 as a white solid: ‘H NMR (DMSO-d,) & 11.05 (s, 1H,
NH), 7.43 (d, ] = 9.1 Hz, 2H), 7.01 (d, ] = 9.1 Hz, 2H), 4.03
(t, ] = 6.9 Hz, 2H), 2.96 (s, 3H), 2.83 (t, J = 2.6 Hz, 1H), 2.32
(dt, J = 2.6, 6.9 Hz, 2H), 1.88 (p, ] = 6.9 Hz, 2H); “C NMR
(CDCL,) 5 156.4, 154.2, 151.6, 130.5, 121.3, 115.4, 84.2, 72.2,
66.7, 28.2, 254, 15.0. HRMS [ESI] m/z [M + H]+ Calcd for
C1,H;¢N;O5: 274.11862; Found 274.11824.

Generation of a Urazole Radical (7). To a stirring mixture
of 3.35 mg of 6, 13.65 mg of sodium sulfate (N2,SO,, 99.5%,
Sigma) and 6.82 mg of nickel peroxide (Ni,O; 99%, Sigma) in
10 mL of acetonitrile was added. The solution, kept in inert
conditions, turned blue after a few minutes. The mixture was
stirred for 30 min and then filtered, resulting in a deep purple
solution of radical 7.

SAMs’ Preparation and Characterization. SAMs were
prepared on Au substrates (50 nm thick) evaporated on glass,
purchased from Phasis Sarl.

Approach I. The gold surface was cleaned in a piranha bath
1:1 (H,SO,/H,0,) for a minute and subsequently rinsed with
plenty of Milli-Q water and ethanol, and dried with a N,
stream. Afterward, the substrate was immersed in a 107 M
solution of 6 in dry acetonitrile and was left for 48 h under
stirring and inert conditions. Then, the substrates were rinsed
with acetonitrile and ethanol to remove the physisorbed
molecules, and dried with N,, giving SAM §6. The resulting
substrate was immersed in a previously prepared oxidant
dispersion (6.82 mg of NiO, and 13.65 mg of Na,SO, in 10
mL of acetonitrile heated at 50 °C for 30 min. in an ultrasound
bath and in inert conditions) while stirring at low rpm. for 45
min. Afterward, the substrate was rinsed with plenty of
acetonitrile, and ethanol and dried with a N, stream, affording
SAM S7-1.

Approach Il. The Au surface was cleaned as in approach L
Subsequently, the substrate was directly immersed into a 107*
M solution of 7 in acetonitrile. After 2 h, the substrate was
removed and rinsed with acetonitrile and ethanol, and dried
with N,. This process led to the formation of $7-IL

Cyclic voltammetry (CV) was carried out using an Autolab
PGSTATI101 with NOVA Advanced Electrochemical Software.
For the electrochemical experiments, a solution of 0.1 M of

https://doi.org/10.1021/acs.jpcc.2c02453
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Scheme 2. Synthesis of Urazole Precursor 6
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tetrabutylammonium hexafluorophosphate (TBAPF,, 98%,
Sigma) in dried acetonitrile was used as an electrolyte. The
experiments were performed under inert conditions. For the
characterization of the SAMs using a redox probe, we used a
solution of 0.1 M KCI in Milli-Q water as electrolyte,
containing 0.01 M of [Fe(CN)4]>/* as redox marker. The
bare Au or the functionalized surfaces were used as working
electrodes. Finally, for characterizing the redox activity of 87
SAMs, the functionalized substrates were used as a working
electrode and Pt wires as counter and reference electrodes. The
SAMS’ coverage (I') was then calculated as follows™

Q
n-F-A

Q _ Auc
T SR

where Q is the charge transferred, n is the number of electrons
transferred, F is the Faraday constant, and A is the electrode
area immersed in the solution. The charge transferred Q is
obtained by the quotient of the area under the curve (4,.) in
the redox process through integration and the scan rate (SR).

Ultraviolet—visible (UV—vis) measurements were per-
formed using a JASCO V-780 Spectrophotometer recorded
at a 400 nm/s scan speed. Solutions with a concentration of
10™* M of the urazole derivatives in acetonitrile were prepared.

Electron paramagnetic resonance spectroscopy (EPR)
spectra were obtained using an X-Band (9.7 GHz) Bruker
ELEXSYS E500 spectrometer equipped with a Bruker variable
temperature unit, an ST8911 microwave cavity, a field
frequency lock system Bruker ER 033 M, and a NMR
Gaussmeter Bruker ER 035 M. The solutions containing 10™*
M urazole derivatives in acetonitrile were previously degassed
with argon and measured in thin quartz tubes. SAM samples
were measured in a Suprasil tissue cell

Contact angle characterization was performed using a
DSAL00 System (KRUJSS) by automatically dispensing 3 uL
of Milli-Q water drops. The measurements were carried out in
triplicate.
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X-ray photoelectron spectroscopy (XPS) measurements
were performed at room temperature with a SPECS
PHOIBOS 150 hemispherical analyzer (SPECS GmbH, Berlin,
Germany) with a base pressure of 5 X 107'° mbar using
monochromatic Al Ka radiation (1486.74 eV) as an excitation
source operated at 300 W. The energy resolution as measured
by the full width at half maximum (FWHM) of the Ag 3d;,,
peak for a sputtered silver foil was 0.62 €V.

B RESULTS AND DISCUSSION

Urazole radical precursor 6 (Scheme 2) was designed to
include aryl-substitution similar to the previously investigated
urazole 1b but with the addition of a short alkoxy chain and a
terminal alkyne group. The former provides some flexibility to
the system, whereas the alkyne group has been previously
shown to be a suitable Au surface anchor group that leads to a
robust Au—C covalent bond.*"** Urazole 6 was synthesized
according to Scheme 2. The reaction of 5-chloro-1-butyne with
potassium phenoxide in dry DMF afforded aryl ether § in a
60% vyield. The neat reaction of § with N-methyl-1,2,4-
triazoline-3,5-dione (MeTAD) in the presence of trifluoro-
acetic acid as a catalyst, according to the procedure Ereviously
described for the reaction of MeTAD with anisole,”™ afforded
the desired 1-substituted urazole 6 in a 49% yield (Figures S1—
S4).

The formation of the radical derived from 6 was studied in
solution followmg the previously reported methodology
(Scheme 3).”° Oxidation of 6 with the commercially available
heterogeneous oxidant Ni,O; in CH;CN or CDCl; followed
by filtration afforded a deep blue solution of radical 7. The
paramagnetic nature of the radical prevented direct observation
of 7 by '"H NMR spectroscopy, but over the course of several
hours the signals for a new compound, dimer 8 began to
appear (see Scheme 3). Complete consumption of 7 over
several days, with a concomitant loss of the characteristic deep
blue color, led primarily to the formation of 8, which could be
isolated in a 32% yield (Figures S5 and S6). Furthermore,
attempts at isolating radical 7 via the concentration of

https://doi.org/10.1021/acs jpcc. 202453
J. Phys. Chem. C 2022, 126, 13358—13365
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Figure 1. Left. UV—vis spectra of 6 and 7 in acetonitrile. The spectrum of 7 was registered over time (¢ = 107* M). Right. EPR spectra of 6 and 7 in

acetonitrile (¢ = 107" M).

solutions promoted the formation of 8 (see Supporting
Information).

The UV—vis spectrum of a freshly prepared solution of 7 in
CH,CN showed the characteristic absorption bands of this
family of radicals (Figure 1, left).”™*" Intense absorption
bands at 343 and 609 nm are observed, accompanied by less
intense bands centered at 420, 445, and 485 nm. The stability
of the radical was assessed by following the UV—vis spectrum
with time. The radical was found to be stable in solution for
more than 5 h, observing only a small decrease in the
absorption bands’ intensity. However, in line with what had
been observed via 'H NMR spectroscopy, after 24 h, a
significant drop in the absorption bands indicated the
depletion of the radical due to the self-reaction of 7 to afford
dimer 8 (Scheme 3).

The radical formation was also investigated by EPR
spectroscopy in solution. As expected, precursor 6 was EPR
silent due to its diamagnetic character (Figure 1, right). In
contrast, radical 7 exhibited a five-line spectrum centered at g =
2.0034, close to the value of the free electron. The hyperfine
splitting comes from the interaction of the radical with two
equivalent "N nuclei, with coupling constant and bandwidth
of a=65Gand AH,, = 3.1 G, respectively.”*

cv characterization was performed employing a three-
electrode electrochemical cell and using platinum wires as
working and counter electrodes, and a Ag/AgCl reference
electrode (Figure 2). In the case of radical 7, a redox peak at
E' = 227 mV, ascribed to the reduction of the radical to the
anion form, was clearly observed (Scheme 4). At higher
voltages, the CV exhibited an oxidation peak at EY/? = 1148
mV attributed to the oxidation of the radical to the diazonium
species (Scheme 4).°° In contrast, the CV of the radical
precursor 6 only showed the oxidation peak to the diazonium
form at E'/* = 1143 mV. These behaviors were consistent with
what had been previously reported for urazole radical 2b.>

Once we confirmed the successful formation of radical 7 and
confirmed its stability over a time period of several hours in
solution, we proceeded to the preparation of self-assembled
monolayers of 7 on Au. With this aim, we followed two distinct
routes (Figure 3). Approach I was focused on the formation of
a SAM of urazole precursor 6 on the gold surface over 48 h.
Following this, the SAM was then oxidized to generate radical
7 (87-1) directly on the surface. Alternatively, in approach II,
the radical was first separately generated in solution, and then
the Au substrate was immersed in the radical solution for 2 h

13361
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Figure 2. Cyclic voltammograms of 6 and 7 (10" M) in acetonitrile
containing tetrabutylammonium hexafluorophosphate (TBAPF,) 0.1
M. The Ag/AgCl electrode was used as reference and platinum wires
as working and counter electrodes. Scan rate: 0.1 V s71. A blank
acquired using a Pt wire is also included.

Scheme 4. Electrochemical Oxidation and Reduction Events
of Urazole Radical 7 As Observed by Cyclic Voltammetry
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to form the corresponding radical SAM (S7-II). In both cases,
the SAM formation processes were adjusted to find optimum
conditions.

The SAMs from both approaches were fully characterized by
X-ray photoelectron spectroscopy (XPS), water contact angle,
EPR, and CV. C Is and N 1s XPS data confirmed the presence
of molecules 6 and 7 on the gold surface (Figure S7). By water
contact angle, we observed a decrease in the angle from the
bare gold substrate (84.8° & 1.8°) to the functionalized
substrates, giving a value of 52.4° &+ 2.0° for $6 and 49.7° +

https://doi.org/10.1021/acs.jpcc.2c02453
J. Phys. Chem. C 2022, 126, 13358—13365
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Figure 3. Schematic representation of the approaches used to prepare SAMs of radical 7.
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1.2° for 87 (Figure S8). This behavior is consistent with the
hydrophilic character of the surface-bound molecules.

EPR characterization was also carried out since it is a
powerful tool for the identification of radicals on surfaces.*
Figure 4 shows the spectra collected for the SAMs of 7

g,: 2.0034

gs7.5 2.0075

8er.pt 2.0075

Ny

3480 3500 3520 3540 3560
Field/ G

Figure 4. EPR spectra of 7 (blue) in solution and SAMs S7-I (green)
and S7-II (red).

ey

prepared according to the two approaches together with the
EPR of the same molecule in solution. The SAMs show a weak
but distinguishable line with a g-factor value (g = 2.0075)
similar to that of the unbound radical in solution (g = 2.0034).
Due to the low intensity of the signals and also their larger line-
width typical of solid-state measurements, the hyperfine
couplings were not clearly observed. Nonetheless, this data
proves unambiguously the presence of an unpaired spin on the
functionalized gold surfaces.

CV was also used to verify the SAM formation. First,
electrochemical experiments were carried out in a three-
electrode configuration cell, using a Pt wire and an Ag/AgCl

80

electrode as counter and reference electrodes, respectively. As
working electrodes, a bare Au electrode and the functionalized
substrates (S7-I, IT) were employed. The electrolyte consisted
of a 0.1 M KCI aqueous solution containing 10 mM
[Fe(CN),]** as benchmark redox marker. As observed in
Figure 5a, a decrease in the redox peak current intensity
accompanied by a larger peak-to-peak separation (AE) is
observed when the Au substrates covered with the SAMs are
used instead of the bare Au electrode. This is rationalized by
the passivation of the electrode with the surface-bound
molecules that hinder the electron transfer process from the
redox probe in solution to the electrode. It is noted that the
[Fe(CN),)*/* redox peak is more inhibited with the §7-1
substrate, which suggests that approach I leads to greater
surface coverage.

CV experiments were also carried out with the aim of
detecting the redox activity of the radical SAM. In this case, we
registered the electrochemical response of the §7 SAMs. We
used a 107" M TBAPF, solution in acetonitrile as an
electrolyte, a Pt wire as a pseudo-reference electrode, and
§7-1, II as working electrodes. For both approaches, a
reversible redox peak attributed to the reduction of the radical
to the anion (see Scheme 4) was detected at EV/? = 21 mV and
EY? = —40 mV, for §7-I, 11, respectively (Figure 5b). Notice
that the oxidation redox process to the diazonium species (see
Scheme 4) could not be investigated since the SAMs are not
stable under the application of very high voltage values.*® The
intensity of the redox peaks linearly increased with the scan
rate (Figure $9), which is characteristic of surface-confined
species.”” The differences in shape and redox potential values
between the two substrates may be attributed to the distinct
molecular organizations resulting from the two different
methods of SAM preparation.’” It has been reported that
changes in the local intermolecular and electrostatic inter-
actions induced by the supramolecular organization and

https://doi.org/10.1021/acs jpec.2c02453
J. Phys. Chem. C 2022, 126, 13358—13365
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Figure S. Electrochemical characterization of $7-1 (green) and S7-1I (red). (a) Redox probe experiment carried out using a solution of 0.1 M KCl
as an electrolyte in Milli-Q water with 0.01 M [Fe(CN)q¢] 374~ 45 a redox marker. The bare Au or the functionalized surfaces were used as working
electrodes, a Pt wire as a counter electrode, and a Ag/AgCl electrode as a reference. (b) CV measurements performed by immersion of the
modified electrodes in acetonitrile containing 10™* M TBAPF, and using Pt wires as counter and pseudo-reference. Scan rate: 0.1 Vs~

distribution of the redox active species within the layer may
lead to different electrochemical voltammograms (e.g, peak
shifting, peak splitting, or peak broadening).”” ** By
integration of the redox peaks (see the Experimental Section),
surface coverages of 5.0 X 107% and 1.2 x 107" mol cm™
were estimated for §7-I and §7-II, respectively. The greater
surface coverage measured for S7-I agrees with the results
using the redox marker as discussed earlier. While the lower
surface coverage of §7-II might at first glance be rationalized
by the shorter time period allowed for SAM formation in
approach II than that provided in approach I, it was observed
that longer incubation times did not increase the radical
density on the surface, as determined by CV. Likely, the self-
reaction of radical 7 in solution during SAM formation (see
Scheme 2) resulted in competing grafting of dimer 8 onto the
surface. Such dimerized molecules would not be electroactive
in this region and, hence, are not considered in the estimation
of the surface coverage.

Finally, density functional theory calculations were per-
formed to understand the configuration of the molecules
adsorbed on the surface (see Supporting Information for
computational details). It was found that the molecules tend to
be vertical with respect to the surface and, as a first
approximation, the maximum molecular density calculated
(approx. 7 x 107" mol cm™) was found to be slightly higher
than the value estimated in approach I by CV (Figure S10).

B CONCLUSIONS

In summary, we have demonstrated that SAMs of 1-arylurazole
radicals can be successfully prepared by two different
approaches despite their limited lifetimes in solution and
inability to isolate them in the solid state. The SAM with
greater urazole radical surface coverage and, thus, electro-
chemical activity was achieved by first grafting the urazole
precursor to the gold surface prior to oxidation of the
precursor to the active radical species. In both instances,
however, analysis by both EPR and CV clearly demonstrates
radical behavior similar to that exhibited by the urazole radical
in solution. In this investigation, therefore, we have successfully
developed and optimized the conditions for future studies of
other urazole radical SAMs. Of particular interest would be the
investigation of urazole radicals known to be longer-lived in
solution.”
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Svnthesis of Dimer 8

Self-Reaction of Urazole Radical 7 to form Dimer 8. To a stirting mixture of 70 mg of
compound 6 and 50 mg of sodium sulfate (Na>SO4, 99.5%, Sigma) in 5 mL CDCls was added
175 mg of nickel peroxide (Ni2O3; 99%, Sigma). The mixture was stirred for 30 minutes and then
filtered through a fine glass frit under N pressure. The resulting deep purple solution of
radical 7 was periodically analyzed by "H NMR spectroscopy. Over the course of several days,
the color significantly lightened. The solution was concentrated, and the residue
chromatographed on SiO- using a 95/5 mixture of ethyl acetate and methanol to afford 23 mg
(33% yield) of § as a pale brown thin film: "H NMR (CDCls) & 8.55 (brs, 1H, NH), 7.34 (m, 3H),
6.91-6.87 (m, 3H), 6.73 (d. T = 2.3 Hz, 1H). 4.00 (. J= 6.2 Hz, 2H). 3.96 (br t, J= 6.2 Hz, 2H),
3.21 (s, 3H), 3.20 (s, 3H), 2.39-2.29 (m, 4H). 1.99-1.87 (m, 6H); ’C NMR (CDCls) & 160.6,
157.9. 1554, 153.8, 153.6, 152.6, 136.3, 131.5, 128.1, 125.4, 124.0, 115.9. 1153, 109.7, 83.4,
83.0,69.4, 69.1, 66.8, 66.4, 28.2, 27.7, 26.3, 25.6, 15.2, 15.1. HRMS [ESI] m/z [M+H]+ Calcd
for C2gHasNsOs: 545.21431; Found: 545.21418.
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Figure S1: "H NMR (CDCls, 400 MHz) spectrum of (Pent-4-yn-1-yloxy)benzene (5).

156007
§
i
144587

1 — — v s e e ——— —r v —
180 140 120 100 80 &0 40 20 PEM

Figure S2: 3C NMR (CDCl;, 100 MHz) spectrum of (Pent-4-yn-1-yloxy)benzene (5).
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Figure 83: 'H NMR (DMSO-ds, 400 MHz) spectrum of 4-Methyl-1-[4-(pent-4-yn-1-
vloxy)phenyl]-1,2.4-triazolidine-3,5-dione (6).
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Figure S4: ®C NMR (DMSO-ds, 100 MHz) spectrum of 4-Methyl-1-[4-(pent-4-yn-1-

vloxy)phenyl]-1,2,4-triazolidine-3,5-dione (6).
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Figure S7: Carbon Cls and nitrogen Nls high resolution XPS spectra SAMs of the urazole
precursor 6 (a,b) and the radical urazole 7 (c,d) on gold surface. Binding energies N1s: 400.5 eV
(N-C bond); Cls: 284.2eV (C-H), 285.3 eV (C=C), and 288.5 eV (N-C=0).

A peak of N1s is observed at 400.56 eV for both species corresponding to the nitrogen atoms in
the urazole ring. Additionally, Cls spectra are presented exhibiting peaks at 288.54, 285.36 and

284.21 eV related to N-C=0, C=C and C-H bindings, respectively.!

84.8°x1.77° a) || 52.4°+1.98° b)|| 49.7° £ 1.19° c)
Bare Gold S6 S7

Figure S8: Contact angle measurements of a) bare gold, b) S6 and ¢) S7. A drop of 3uL of Milli-

Q water was used for these experiments.
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Figure 89: CV of S7-T and S7-II performed at different scan rates (0.1, 0.5 and 1 V-s™). The
measurements were performed using a 0.1 M TBAPF;s solution in acetonitrile and Pt wires as

pseudo-reference electrode. Inset: plots of the maximum current intensity vs. scan rate.

The maximum of the intensity of the redox peak current density for each scan rate is plotted
against the scan rate. The linear relationship (as shown in the inset) is characteristic of

immobilized redox species on a surface. This tendency is followed for both SAMs.
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Figure S10: Top. Side (in surface plane) view of radical 7 bound to the Au(111) surface. Labelled
percentages indicate where approximately 80% of the spin is localised. Atom colour key: C —
brown, N — blue, O — red, H —light gray, Au— gold. Bottom. Top (perpendicular to surface plane)
view of 7 bound to the Au(111) surface. Using the shaded circular region (area of approx. 21 A%
and assuming a hexagonal close packing, an approximate maximum upper limit to the surface
coverage of four molecules per 100 A is obtained. Atom colour key: C — brown, N — blue, O —

red, H — light gray, Au — gold.

We investigated the adsorption of 7 on the Au(111) surface by periodic density functional theory
(DFT) based calculations employing the VASP code.? In all cases the PBE? generalised gradient
approximation functional together with Tkatchenko-Scheffler van der Waals corrections* was
used. The electron density was expanded in a plane wave basis set with a 500 eV energy cut-off
with the effect of inner cores on the valence electron density described through the Projector

Augmented Wave method.® Vacuum 6x6x3 slabs (separated by 25 A in the = direction) consisting

S8
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of 108 Au atoms cut from fully optimised PBE-DFT calculations of bulk Au were used to
represent the Au(111) surface, with atoms in the lowest layer fixed to their respective optimised
bulk crystalline positions. The lateral size of the slab (17.8 A) was chosen as to minimise
intermolecular interactions. Gamma point calculations were employed due to relatively large unit
cell sizes used. All calculations were carried with fixed lattice parameters and with explicit
consideration of spin polarization. The positions of all unconstrained atoms in the system were

optimised until forces were less than 0.02 eV/A.

! Laure, W_; De Bruycker, K.; Espeel, P_; Fournier, D_; Woisel, P_; Du Prez, F. E.; Lyskawa, J. Ultrafast
Tailoring of Carbon Surfaces via Electrochemically Attached Triazolinediones. Langmuir 2018, 34 (7),
2397.

2 perdew, J. P., Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple, Phys. Rev.
Lett. 1996, 77, 3865.

3 Tkatchenko, A.; Scheffler, M. Accurate molecular Van der Waals interactions from ground-state electron
density and free-atom reference data, Phys. Rev. Lett. 2009, 102, 073005.

4 Blochl, P. E. Projector augmented-wave method, Phys. Rev. B 1994, 50, 17953.
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Fluorescent switchable surfaces based on quantum dots
modified with redox-active molecules

Angel Campos-Lendinez, @ Jose Mufioz, & Nuria Crivillers *E and Marta Mas-Torrent *
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Institut de Ciéncia de Materials de Barcelona, ICMAB-CSIC.
Campus UAB, 08193 Bellaterra, Spain.

E-mail: ncrivillers@icmab.es, mmas@icmab.es.

Abstract: By combining the switching ability of redox molecules with
the unique fluorescence properties of quantum dots (QDs), we
develop here a robust electrochemical fluorescence switch. This is
realised by grafting CdSe/ZnS QDs on transparent indium tin oxide
(ITO) substrates and, subsequently, modifying them with a Ferrocene
(Fc) molecular monolayer. The application of oxidation/reduction
voltage pulses to tune the Fc redox state leads to the tuning of the
surface fluorescence output. Interestingly, the ON/OF ratio can be
enhanced by reducing the distance between the redox active unit and
the QD due to a more efficient electronic coupling. Remarkably, by
defining a mixed-valence state a ternary switch has also been
achieved. We highlight that the QD surface immobilisation is key to
realise this switch to avoid aggregation and fluorescence quenching
in suspension. Hence, an efficient and versatile novel route to
fabricate robust fluorescent redox switches is demonstrated, opening
a wide avenue of possibiliies to be explored in the field of sensing
and information storage.

Introduction

Engineering smart surfaces, whose properties can be reversibly
tuned under an extemal stimulus (e.g., chemical, temperature, light,
electric, etc.), has attracted much attention over the last years for the
development of a wide range of applications, such as self-cleaning
surfaces, smart windows or data storage and microfluidic devices [
As an external stimulus, using electric or electrochemical inputs to
trigger the switching function i1s technologically relevant for the
fabrication of electronic and optoelectronic devices. The preparation
of electrically/electrochemically switchable surfaces has successfully
been realised by surface-grafting redox-active molecular systems as
thin films or self-assembled monolayers (SAMs) "1 In these
systems, the application of an electncal signal has been translated
into changes in the capacitance,"™ magnetic," chemical '@
absorption "' or fluorescence!' surface properties. In particular,

fluorescent electrical switches are highly appealing as fluorescent
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probes for imaging or sensing, in fluorescent displays or in memory
and information processing devices "

Semiconductor Quantum Dots (QDs) are zero-dimensional
nanostructures with guantum confinement. They possess unique size
and shape-dependent optoelectronic properties showing size-tunable
emission wavelength!"™ QDs have attracted attention in applications
such as biomedical imaging,?” optical quantum computing,2" light-
emitting diodes (LEDs)22 displays, /@24 solar cells?*28 and in
sensors exploiting their emission properties as read-out 228 QDs are
often thermally and chemically stabilised with a semiconductar shell.
Interestingly, this shell can also be used for the grafting of recagnition
groups or functional molecules that can tune the QD luminescent
properties ***¥  including redox-active molecular  units
Mevertheless, their poor colloidal stability (i.e., aggregation) typically
results in their fluorescence self-quenching over time, which limits the
potential exploitation of these systems.8! To circumvent this issue,
QDs can be grafted on surface, providing new perspectives for the
fabrication of multiple optoelectronic devices 2?39

In this work, we fabricate surfaces that behave as fluorescence
electrochemical switches by combining the switching ability of redax
molecules with the unique fluorescence properties of CdSe/ZnS QDs.
Specifically, a novel methodology has been developed to prepare
thiol-terminated SAMs on transparent indium tn oxide (ITO)
substrates that can subsequently interact through the formation of a
robust covalent bond with the CdSe/ZnS QDs shell. Following, the
QDs were modified with a ferrocene (Fc) molecular monolayer.
Applying the redox potential required to oxidise/reduce the Fc moiety,
a stable reversible luminescent switch with two distinguishable states
operating in a low potential window range (from 0 V to +0.6 V) is
demonstrated. Furthermore, the ON/OFF ratio is modulated by the
spacer distance between the QD and Fc. Ultimately, the partial
oxidation/reduction of the grafted Fc moieties has pemitted to write
an additional intermediate fluorescence state, giving rise to a ternary
optical switch, highly appealing for information processing ®™ Hence,

this work shows an efficient novel route to fabricate robust fluorescent
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redox swiiches exploiting QDs luminescence, which has been
realised thanks to the QDs surface immobilisation that avoids their
aggregation and self-quenching.

Results and Discussion

Scheme 1 summarises the two-step surface functionalisation
procedure developed to obtain the functional layers on ITO. First, the
previously activated ITO substrate (S0) was functionalised with (3-
mercaptopropyl)trimethoxysilane  (MPS),
Subsequently, 81 was modified with CdSe/ZnS core/shell QDs

passivated with a octadecylamine layer by an on-surface ligand-

resulting  in 81

exchange reaction between the amine molecules molecules and the
terminal thiol of the SAM, giving 2.8 Finally, a second on-surface
ligand-exchange reaction step was carmried out using two Fc alkane
thiols of different lengths (ie, 6-(ferrocenyl)hexanethiol and 11-
(ferrocenyljundecansthiol) to form $3-Fc6 and S3-Fc11, respectively.
Additionally, to elucidate the role of Fc on the switching performance,
the surface-grafted QDs were also functionalised with the nonredox
active 1-hexanethiol molecule (1.e., 83-Hx). All the samples were fully
characterised employing several techniques described below (see
also Supporting Information).

For the preparation of $2, the incubation time of $1 substrates
in the QD suspension was optimised. As shown in the Scanning
Electronic Microscopy (SEM) images of Figure S1, the surface density
of QDs increases during the first 8 hours of incubation, but afterwards,
no significant improvement is observed (Figure 52) Thus, the
minimum incubation time (i.e., 8 h) was used for all the experiments
(Figure 1c).

X-Ray Photoelectron Spectroscopy (XPS) spectra of Si2p, S2p,
Zn2p and Fe2p were acquired, confirming the successful two-step
modification of ITO (Figure S3). The Si2p spectra indicate the
presence of thiolated silane SAM (S1-S3) Two peaks are clearly
observed at 1021 and 103.2 &V, attributed to Si-C and Si-0 41 |n
addition, the 52p spectrum of 81 shows a doublet at 163 2 eV (S2pa5)
and 1645 eV (S2piz) assigned to the terminal -SH.F24% Two
additional peaks at 167.8 and 169.1 eV are attnbuted to some
oxidised thiols.***! Further, for samples $2, $3-Hx, $3-Fc6, and S3-
Fecl1, a Zn-S doublet is observed at 160.8 and 162.2 eV ascribed to
the presence of the QD ¥4# Finally, the S,/SO, peak is found at 1658
eV, related to sulfur binding energy from the QD shell #9 In the Zn2p
spectra, the expected doublet is observed at 1022.3 and 10453 eV
for 82, while a shift in this binding energy is found in $3-Hx, S3-Fc6
and $3-Fc11 owing to the existence of sulfur vacancies filled by the
thiolated ligands. 1 The highest shift is found in $3-Hx, suggesting
that the alkane chain promotes a better surface coverage due to less
lateral steric constraints than the Fc-containing thiols. Finally, the
presence of Fc in 83-Fc6 and S3-Fc11 is demonstrated by a doublet
at 7082 eV and 720.1 eV, ascribed to Fe* 2pi. and Fe?* 2pys.,

WILEY .« vcH

respectively 81 A lower intensity peak at 711.9 eV is assigned to Fe*
2pae, ¥ indicating a partial oxidation of the metal ion %

MPS: (3-Mercaptopropyl)trimethoxysilane
Q1 CdSef ZnS Core/ Shell Quantum Dot

L@\{‘t
Exchange =

Octadecylamine

1-Hexanethiol

O6-(Ferrocenylhexanethiol

S3

Scheme 1. Scheme of the preparation of the three functionalised QDs-based
SAMs: S3-Fc6, S3-Fc11 and S3-Hx.

11-(Ferrocenylundecanethiol

The measured water contact angle on the different samples
varied from 38.3° (80), 67.8° (81) to 102.9° (82), showing an increase
in the hydrophobic character of the surface (Figure S5). Upon the last
modification step, the $3 surfaces showed different wettabilities, with
contact angles of 88.2°, 96.9° and 118.1° for $3-Fc6, $3-Fc11 and
S3-Hx,
corresponds to the most hydrophobic —CH; terminated S3-Hx

respectively As expected, the larger contact angle
surface.

All the samples were also characterised by electrochemical
means. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were performed using the ITO
substrates as warking electrodes and a 0 1 M KCI electralyte solution
containing [Fe(CN)gl>™* as redox probe (Figure S6). As expected, the
CV of S0 clearly shows the peak of the [Fe(CM)]*/[Fe(CM)¢* redox
couple. For 81 to 83, the peak is almost or entirely vanished, ascnbed
to a poor electron transfer efficiency (from the solution to the
electrode) through the maonolayers In agreement with the CV results,
EIS measurements show increasing values for the charge transfer
resistance (Ry) from S0 to 83, except the Fc-terminated SAM with the

short alkane chain that does hardly alter the electron transfer rate with
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respect to $2 (Rcr: 0.3 (80), 8.7 (81), 52.2 (S2), 151.0 (S3-Hx), 138.0
(83-Fc11) and 56.2 (S3-Fc6) kQ-cm™).

Electrochemical measurements were also camied out to
investigate the surface redox activity using the functionalized surfaces
as working electrode (WE) and a 0.1 M of tetrabutylammonium
hexafluorophosphate (TBAPFg) CH3CN solution as electrolyte (Figure
S7). For 81, only capacitive currents were found, owing to the
absence of an electroactive group. A small broad faradaic peak was
noticed for 82, which was ascribed to defect states in the QD
nanocrystal (E'2= 0.36 V) 5'52 Similarly and as expected, $3-Hx did
not show any redox process (Figure 1a) On the contrary, S3-Fc6 and
S$3-Fc11 clearly exhibit the redox peak associated with the Fo/Fc* pair
(E'2=0.37 V and EY?= 0.35 V vs Ag/AgCI, respectively) (Figure 1b
and Figure S7), further corroborating the incorporation of the Fc unit
on the QDs surface. Additionally, a low voltage difference between
the anodic and cathodic process (AE = Eangic-Ecathoaic) 0 0.058 V for
83-Fc6 and 0.051 V for 83-Fc11, along with a linear relationship
between the scan rate and the peak intensity were observed, in
agreement with the surface-confinement of the redox molecules
(Figure S8). Similar coverages, 1.2-10'° mol-cm? ($3-Fc6) and
1.8-10" mol-cm? (83-Fe11), were estimated for both systems by the
integration of the redox peaks_ Finally, consecutive cycles (up to 30)
sweeping the applied voltage between 0.2 and 0.7 V were recorded,
supporting the robust grafting of the redox molecules on the QDs, and
these on the ITO electrode (Figure S7).

Next, the fluorescence properties of the surfaces were explored
for 82 and S3. Fluorescence emission bands centered at 527 nm
were observed in all the cases (excitation at 390 nm), althaugh with
remarkable intensity differences (Figure 1d). The modification of $2
with thiol ligands diminishes the substrate fluorescence emission in all
cases. As previously reported, thiol groups act as hole trap states,
affecting the eleciron relaxation from the conduction to the valence
band after electron excitation and resulting In non-radiative
recombination %! Furthermore, the surfaces containing Fc (i.e., $3-
Fc6 and S3-Fc11) show a higher fluorescence quenching compared
to §$3-Hx, which is also visible in the confocal microscopy images of
the surfaces (Figure S9). In fact, when the Fc unit is closer to the QD
(i e, 83-Fc8), the quenchingis even more enhanced. This is ascribed,
as previously reported, to the electron transfer promoted by the high
hole-acceptor efficiency of Fc units, which, according to tunneling
transfer, decreases at larger distances due to lower electronic
coupling B

Based on the above-described results, the QDs-based SAMs
S$3-Fc6 and $3-Fc11 were then interrogated as fluorescence switches
using the electrochemical input to tune the redox state of the QD-Fc
nanoparticle, i.e. to write the state of the switch. As reference, the non-
electroactive $3-Hx surface was also investigated. For this purpose,
a customised fluorescence cuvette was designed to perform spectro-
electrochemistry experiments, where the modified ITO was used asa

WE and two platinum wires as counter and pseudo-reference
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electrodes (CE and RE). The cuvette was then filled up with an
acetonitrile solution containing 0.1 M of TBAPF: as electrolyte.
Write/erase switching steps were recorded by applying oxidation
potential pulses of + 0.6 V (Fc = Fc*) and reduction potential pulses
of 0V (Fc* = Fc) for 40 seconds each. The fluorescence spectra were
immediately acquired after each oxidation/reduction step, denoted as
lp (oxidised) and Ir (reduced) (Figure 2). The initial spectra acquired
before applying any voltage are also displayed in dashed lines.
Interestingly, for $3-Fc6 this initial spectrum is close in intensity to lo,
indicating a spontaneous electron transfer between the QD and the
Fc moiety generating the charged Fc* species. This effect is less
pronounced for the S3-Fc11 were the initial spectrum lies between
the lp and lg, in agreement with a less efficient electron transfer due

to the longer distance.

a C,
1) et 53-Hx )
o
.E 2007
e
8 o
U-lxl()”

<07

202 o 02 04 06 08

b) Bx10*{—— S3-Fc6 d) 800151

6x10% V" o0 JF——S53-Hx
i /N 4 [—53-Fc11
R / “~ i —— it
= 2108 _// 7, W
T 0 //— / é 0
@
gt T 4 g 30
O ax108 \ / 200

-6x10% \\_'/ 100
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-Ex10%
012 o 02 [ES (1.3 08 500 510 520 530 540 550
Potential/ V vs. AglAgCl Wavelength/ nm

Figure 1. CV of a) S3-Hx and b) $3-Fcé samples. Voltammograms were
recorded in a typical three electrode-configuration cell using the functionalized
surfaces as WE, Pt wire as CE and Ag/AgCl electrode as reference. As
electrolyte, an acetonitrile solution containing 0.1 M TBAPFs was used. The CVs
were recorded at a scan rate 0.1 V-5 in a voltage window -0.2 V- +0.7 V. ¢)
SEM image of $2 and d) fluorescence emission spectra of all the surfaces
investigated (excitation at 390 nm).

A significant reduction in the fluorescence intensity was
observed for $3-Fcé and a more moderate one for $3-Fc11 upon
oxidation, which increased again after applying the reduction
potential. These two distinguishable fluorescence spectra pemitted
to define two states, the "ON" state for the reduced Fc and the "OFF"

state for the oxidised Fc*. Remarkably, $3-Hx did not respond to the
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Figure 2. Flucrescence spectra of the modified substrates acquired during the spectro-electrochemical switching experiments for a) S3-Hx, b) $3-Fc6 and c) $3-
Fe11 recorded initially before starting the experiment (dashed lines) and after applying a reduction pulse of 0 V (lz) and an oxidation voltage of +0.6 V (lo). d)
Consecutive fluorescence switching cycles between the "ON" (reduced) and "OFF" (oxidised) states for S3-Hx (in red), $3-Fe11 (in biue) and S3Fe¢6 (in orange).
e} Scheme of the three-electrode configuration cell used in spectro-electrochemical experiments with the modified substrates as WE and platinum wires, as RE

and CE, immersed in a 0.1 M TBAPFs solution in CHaCM.

applied potentials, confirming that the switching behaviour is solely
attributed to the effect of the redox state of the Fc unit.
The relative ON/OFF fluorescence intensity ratio (at 527 nm)

was calculated as follows:

% fluorescence intensity = 2% 100
Ir

where lg and I correspond to the fluorescence intensity at + 06 V
and 0 V bias, respectively S3-Fc6 exhibits a remarkable ON/OFF
ratio of 27 %, while for the longer Fc SAM, the ratio is reduced to 9 %.
Hence, the switching ability is more efficient for the shorter Fc SAM.
This could be attnbuted mainly to exciton dissociation via electron
transfer from the CdSe QD to Fc*, which is again more efficient in the
short Fc SAM. P> The stability and reversibility of the switches were
carroborated by performing 14 consecutive cycles, where no
significant degradation was observed (Figure 2d).

The relevance of our reported strategy to obtain a robust QD-
based switch on surface is reinforced when the same expenment was
performed using a suspension of the QDs functionalised with the Fc6-
SAM In this case, a cantinuous decrease in the fluorescence intensity
was observed while applying alternating oxidation and reduction
potentials (Figure S10). Dynamic light scattering (DLS) analysis
indicated continuous nanoparticle aggregation after applying the
voltage pulses, leading to self-guenching.®¥ Thus, this material in

suspension could not operate as a fluorescent switch.

As previously mentioned, the initial fluorescence spectra
recorded for $3-Fc6 and S3-Fc11 showed an intermediate fluoresce
intensity with respect to the oxidized and reduced states, pointing out
the existence of a mixed-valence state (Figure 2). This encouraged
us to go a step further by defining a third additional intermediate state
applying an intermediate voltage pulse of + 0.3 V. At this potential,
only partial oxidation of the Fc moieties is expected. Again, upon
applying three-step voltage pulses (ie, 0, + 0.3, + 06 V), the
fluorescence intensity of $3-Hx did not show any vanation over time
owing to the absence of electroactive groups. On the contrary, the
fluorescence intensity for S3-Fc6 and S3-Fe11 could be continuously
modified and controlled by the applied voltage, displaying both
substrates three well-characteristic optical read-out states As
expected from the above data, the intensity ratio between the states
1s higher for 83-Fc6. Thus, these results suggest that a multistate (or
multilevel) swiich could be achieved by controling the ratio of
oxidised/reduced Fc units at the QD shell
fluorescence switching platforms §3-Fc6 and S3-Fc11 did naot show

Impressively, the

fatigue in the time range investigated, demonstrating the robustness
of the modified surfaces.
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Figure 3. Fluorescence intensity spectra monitored over time after applying 45
s voltage pulses of 0, + 0.3 and + 0.6 V for $3-Hx, S$3-Fc6 and $3-Fc11.

Conclusion

In summary, the preparation of ITO surfaces behaving as robust
fluorescent electrochemical switches is successfully achieved by
grafting CdSe/ZnS QDs modified with a redox-active Fc unit This
approach takes advantage of the unique fluorescence properties of
QDs and the swilching ability of electroactive molecular units. The
optimization of the on-surface ligand exchange reactions has been
key for the effective development of the reported switchable platform.
clearly

demonstrated the role of the redox active center, which triggers the

Spectro-electrochemical experiments have
fluorescence quenching proportionally to the ratio of oxidized Fc+
units and to the lower distance between the Fc and the QD. A
maximum OMN/OFF fluorescence intensity ratio of 27 % was obtained
for the shorter Fc denvative. Remarkably, by defining a mixed valence
state, a ternary switch was also proven.

We believe that the approach reported here can be extended to
other functional molecules of interest, which may interfere or
participate differently in the optical response of QDs thus, opening a
wide avenue of possibilities to be explored in the field of sensing and

information storage. Main Text Paragraph.

Supporting Information

Supporting Information: Surface functionalization details and
additional surface characterization (SEM, XPS, electrochemical and
contact angle). pdf
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Substrates, Chemicals and Reagents:

Indium Thin Oxide substrates (ITO over unpolished float glass, resistance: 15-25 Q)
were purchased from Delta Technologies. Fluorescence CdSe/ZnS core/shell colloidal
nanoparticles in toluene (¢ = 1 mg-mL!) stabilized with Trioctylphosphine oxide
(TOPO), and reagents 6-(Ferrocenyl)hexanethiol (> 99 %), 11-(Ferrocenyl)undecanethiol
(> 99 %) and 1-Hexanethiol (> 99 %) were acquired from Sigma-Aldrich. Tetrabuthyl
ammonium hexafluorophosphate (TBAPFs), ammonium hydroxide (NH4sOH, 5 N),
hydrogen peroxide (H20,, 30% wt), potassium ferricyanide/ferrocyanide
(K;s[Fe(CN)6)/Ks[Fe(CN)s], 99.8%) and potassium chloride (KCI, 99.5%) were also
supplied by Sigma-Aldrich. The high-performance liquid chromatography grade organic
solvents (toluene, dichloromethane, acetone and ethanol) used were purchased from
Teknokroma. Aqueous solutions were prepared using ultrapure water from a Milli-Q

system (Millipore).

Samples Preparation:

Preparation of QD-Fc6 suspension: a deoxygenated toluene suspension containing of
0.1 mg/mL CdSe/ ZnS QDs (stabilized with TOPO) were placed in a vial. Then, the thiol
ligand (i.e., 6-(Ferrocenyl)hexanethiol) was added with a final concentration of 1 mM.
Subsequently, the colloidal suspension was stirred at 60°C under an inert atmosphere and
in the dark for 5 days. Afterwards, 5 ml of ethanol was added, and the suspension was
centrifuged at 5000 rpm for 3 hours. The free ligand supernatant was discarded, and the
precipitated particles were collected and washed three times with 5 mL of ethanol.
Finally, 5 mL of ethanol was added, and the mixture was ultra-sonicated for 1 hour,
leading to QD-Fc6.

ITO functionalization: Indium Tin Oxide (ITO) substrates were cleaned under
sonication with solvents with increased polarity (dichloromethane, acetone, and ethanol)

S2
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for 15 min each. Subsequently, the cleaned substrates were dipped in a basic piranha
solution (NH:OH /H,02/H:0, 1:1:5) for 30 min at 80°C to promote the hydroxyl group
formation on the surface. Immediately after, the activated surfaces were rinsed with Milli-
Q water and ethanol, dried with a N> stream and quickly immersed in a deoxygenated
toluene solution containing of 3-Mercaptopropyl)trimethoxysilane (MPS) [1% (v/v)] for
12 hours. The reaction was kept in the absence of light, under an inert atmosphere and
stirring conditions at 60°C. Then, surfaces were rinsed with toluene and ethanol and dried
with N> stream, giving S1. S1 was then immersed in a deoxygenated 0.1 mg/mL toluene
suspension of CdSe/ZnS QDs (stabilized with TOPO). After 8 hours, the substrates were
removed, rinsed with toluene and ethanol, and dried under an N stream, obtaining S2.
Finally, to prepare S3-Hx, S3-Fe6 and S3-Fcl1, S2 was immersed for 24 hours at 60°C
under mild stiring in deoxygenated 1 mM toluene solutions of 1-Hexanethiol, 6-
(Ferrocenyl)hexanethiol, 11-(Ferrocenyl)undecanethiol, respectively. The reaction was
carried out without light and under inert conditions. Afterwards, the substrates were also

rinsed with plenty of toluene and ethanol, and dried with N stream.

Characterization

Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) were
carried out with an Autolab PGSTAT101 with NOVA Advanced Electrochemical
Software. The experiments were performed under inert conditions using 0.1 M TBAPFs
(98%, Sigma-Aldrich), in dried acetonitrile as electrolyte. For EIS measurements, the bias
was 0.21 V in a frequency range of 1:10° to 0.1 Hz. To characterize the SAMSs using a
redox probe, a solution of 0.1 M of KCI in Milli-Q water containing 0.01 M of [Fe

(CN)]*™ as a redox marker was used as electrolyte. The bare or functionalized ITO

S3
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surfaces were used as working electrodes, Pt wire as counter, and Ag/AgCl as reference

electrodes. The Fc content (1.e. surface coverage (I'), was calculated as follows:

Q
n-F-A

_ Auc
" SR

where Q is the charge transferred, n corresponds to the number of electrons transferred,
F is the Faraday constant, and A is the electrode area immersed in the solution. The charge
transferred Q is obtained by the quotient of the area under the curve (Auc) of the redox
peak through integration and the scan rate (SR).

Spectro-electrochemical assays were recorded using a Cary Eclipse Fluorimeter. The
excitation wavelength was 390 nin, and the fluorescence spectra were recorded from 500
to 550 nm in a quartz fluorescence cuvette containing an electrolyte solution of 0.1 M
TBAPFs in acetonitrile. For the experiments of the QD in suspension, QD-Fc6 (c= 0.5
mg/ mL) suspensions were prepared as indicated above, and a homemade cell was used,
where a platinum mesh was applied as a working electrode and platinum wires were used
as counter and reference electrodes. These experiments were performed under stirring
(400 rpm). On the other hand, in the experiments performed with the ITO-modified
substrates, 82 and 83 were used as working electrodes and platinum wires as reference
and counter electrodes.

Contact angle characterization was performed with a DSA100 System (KRUSS) by
automatically dispensing 3 pL. of Milli-Q water drops. The measurements were carried
out by triplicate.

X-Ray Photoelectron spectroscopy (XPS) measurements were performed at room
temperature with a SPECS PHOIBOS 150 hemispherical analyzer (SPECS GmbH,

Berlin, Germany) in a base pressure of 5x107*° mbar using monochromatic Al K alpha

sS4
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radiation (1486.74 eV) as excitation source operated at 300W. The energy resolution
measured by the FWHM of the Ag 3d5/2 peak for a sputtered silver foil was 0.62 eV.

Scanning electron microscopy (SEM) was performed using a FEI Magellan 400 L XHR
SE microscope equipped with a newly developed electron column with a monochromator,
UC (UniColore) Technology. Landing energy of 2.00 kV and beam current of 0.10 nA
were used and the signal was acquired with secondary electrons through-lens detector
(TLD). Iinage J software was used for particle density calculations.

Confocal images were acquired with an Olympus FV1000 with a 488 nm excitation
wavelength recording the emission from 500 to 600 nm. The lamp voltage was 644 V
with a step size of 1.1 microns.

Dynamic Light Scattering (DLS) measurements were carried out by a Zetasizer Nano

7S using a plastic micro cuvette from Malvern Panalytical.
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SUPPORTING INFORMATION FIGURES
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Figure S1: SEM images of S2 prepared at different incubation times (0, 30 and 45 min,

1,2, 4,6, 8 and 24 hours) and their respective particle density using ImageJ software.
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Figure S2: Particle density vs. incubation time plot for S2. Data extracted from Figure
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Figure S3: Fe 2p, Si2p, Zn 2p and S 2p XPS spectra for 80, 81, S2 and S3 samples.
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Figure 85: Contact angle images of S0, 81, 82 and 83 samples.
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Figure §9: Confocal images for 80 (top-left), 81 (top-right), 82 (bottom-left) and S3-Fc6

(bottom-right).
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Figure 810: a) Fluorescence spectra for 0.5 mg-mL"' QD-Fc6 suspension in acetonitrile

containing 0.1 M TBAPFs as electrolyte, acquired after subsequent applied voltages

(Red/Ox at 0 V/ + 0.6 V; using a Pt mesh as WE, and Pt wire as CE and RE electrode).

b) corresponding CV spectra of the suspension. ¢) Fluorescence intensity quenching upon

applying consecutive switching cycles. d) DLS measurements before (orange) after the

first (blue), second (green) and third (magenta) reduction-oxidation cycles (Red/Ox)

cycles. The Red/Ox cycles consisted in applying Oxidation (+0.6 V) and reduction (0 V)

potentials for 40 seconds each.
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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 n-mt 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 n-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.'

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.? 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.>* 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.

114



Chapter 3

&
T
.

f[analyte] /

Sensitivity
p m=A(X,y) Selectivit

Analyte Interferences

AR/R,
g
o
=)
N
RCT

v
y

Log [Analyte]

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 Rer

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.” 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.®

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:

Ri—-Ry AR R

— ! 16
R; R; cr (16)

where AR is the difference between the electron transfer resistance before (R;) 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 Rcr’ value is measured for the target analyte, while this value is very low for the

115



Chapter 3

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'aaye) With the value calculated from the calibration curve (Retcuwe):

RCT'analyte 100

Recovery % = (17)

RCT’ curve

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.””

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.!®'? The governing attractive forces are mainly
hydrogen bonds, electrostatic, van der Waals and hydrophobic interactions.!® 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.).'* Furthermore, the discovery by Pedersen of the crown-shaped
macrocycle with the ability to selectively capture cationic species initiated the host-guest

chemistry field."
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In this work, host-guest complexes formation and aromatic n-w interactions have

been exploited for sensing applications (see scheme in Figure 3.2).
a) b)

Host-Guest Aromatic -1
Interaction 3 Interaction

Figure 3.2: Illustration of a SAM interacting with the analyte through a) host-guest and

b) m-m 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.'® For the formation of the complexes, guest molecules
(in yellow in Figure 3.2a) are partly or entirely encapsulated in the macrocyclic host
cavities.!”!® 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.'®-?!

117



Chapter 3

OH OH
(\O/\\o Ho_ $Z5if0~>"0! HO, o o oM
o > HO, - o o OH
o 0
d %0 \\% s O NH; HN  H;N—400A0 Q AN\ O
0 S, N, 5 OOH HO HO (Y- . N
b 2N W Q
0,
HO: OH o)
0 i H HLO o °% O O
\\/0\) %?fw NH, o HN
HO' © o NH, NHy
Crown ethers Cyclodextrin Y-amino cyclodextrin Cyclophane
y Calix[n]arene (CD) Cyo)

Figure 3.3: Some macrocycles used as supramolecular recognition units for sensing.

Adapted from ref.!6-2?

Additionally, the formation of supramolecular assemblies by aromatic m-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.>*** The n-m 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.?’

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 B-cyclodextrin and imidazole.
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3.1.1. Article III: Selective Discrimination of Toxic Polycyclic Aromatic

Hydrocarbons in Water by Targeting n-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.?® 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.”> 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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Naphthalene  Acenaphthylene Acenaphthene Fluorene Phenanthrene
Anthracene Fluoranthene Pyrene Benzo[a]anthracene
Chrysene Benzo[b]fluoranthene Benzo[k]fluoranthene Benzo[a]pyrene
Indene(1,2,3—cd)pyrene Benzo(g,h,i)perylene Dibenzo(a,h)anthracene

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 30,31

capillary electrophoresis and gas-

chromatography coupled with mass spectrometry (GC-MS).>*° Nevertheless, some

limitations can be found, as follows:

120

e Analyte loss during sample preparation.
e Expensive methodologies.

e High time-consuming.

e Large sample volumes.

e Need of supervision by trained personnel.
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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.>® 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 m—n interactions with a
low limit of detection.>’” Remarkably, the sensor did not detect other small PAHs, which
was attributed to the most favourable n—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 n-m
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 Rcr 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! range were achieved for the 4 sensors, which are
lower than the values reported for other electrochemical systems used for PAHs sensing.?
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 m-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.*
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.** 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.*’ 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.*! 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,** 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.**4

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 B-
cyclodextrin (B-CD) (B-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 B-CD,
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whereas at pH values below the pKa, imidazole will be mostly protonated and will not
enter into the B-CD hydrophobic cavity (Figure 3.5a). Therefore, here the well-known
supramolecular complex formation between B-CD and imidazole ([C3HsN2]) was

exploited to indirectly sense the pH of the sample.

CdS QDs

CdS-QD@MNPs

B-Cyclodextrin
& '
and p-CD/CdS-QD@MNPs

CdS QDs

Figure 3.2: a) (top) Equilibrium between the protonated and non-protonated imidazole
and (bottom) scheme of the supramolecular B-CD-[C3H4Nz] complex formation (at basic
pH) and decomplexation (at acid pH). b) Illustration of the MNPs decorated with CdS
QDs modified with B-CD (B-CD/CdS-QD@MNPs) and without B-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 B-CD/CdS-QD@MNPs systems
were studied at pH = 2.5 to determine the influence of the B-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 B-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 B-CD, which may act as a surfactant

stabilizing layer.
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Figure 3.3: Evolution of the maximum of the emission band at 533 nm (Aexc = 390 nm)
at pH 2.5 over 30 min. Sample: 1 mg-mL"! CdS-QD@MNPs (in green) and p-CD/CdS-
QD@MNPs (in orange) in a buffer solution containing 0.1 M PBS and 10 mM [C3H4N>].

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 p-CD/CdS-QD@MNPs, after
their incubation with [C3H4N3] 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 EGOFETSs were fabricated and characterized in collaboration with
Dr. Adrian 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.**® The CPE was used as the gate electrode. For the
sensor evaluation, B-CD/CdS-QD@MNPs were dispersed in a PBS solution containing
[C3HsN2], 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 B-CD-[C3HsN:2]. To confirm the reversibility of the device, B-
CD/CdS-QD@MNPs were alternatively incubated in both acid (pH = 3) and basic (pH
= 9) solutions containing [C3HsN2]. 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 n—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 B-CD and
imidazole which influenced by the pH media. The EGOFET pH sensor exhibited

excellent stability, reproducibility and re-usability.
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ABSTRACT: The development of highly sensitive and selective devices
for rapid screening of polycyclic aromatic hydrocarbons (PAHs) in water
is nowadays a crucial challenge owing to their alarming abundance in the
environment and adverse health effects. Herein, inspired by the unique
a—stacking interactions taking place between identical small aromatic
molecules, a novel, generic, and straightforward methodology to
electrochemically determine and discriminate such pollutants is
described. Such a method is focused on covalently anchoring different
PAHs on an indium tin oxide electrode surface by means of self-
assembled monolayers. The surface-anchored PAHs act as recognition
units to selectivity interact with a specific PAH target of the same nature.
By tailoring the recognition platform with four different model PAH
molecules (naphthalene, anthracene, pyrene, and fluoranthene) and
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Selective electrochemical PAH discrimination
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carrying out an electronic tongue approximation, the selective discrimination and quantification of the selected PAHs in aqueous
samples at ultralow concentrations were achieved impedimetrically, which were also validated using a certified reference PAH

mixture.

KEYWORDS: sensors, carbon electrodes, electrochemical impedance spectroscopy, polycyclic aromatic hydrocarbons,

supramolecular inferactions

B INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are a class of
organic pollutants based on fused ring aromatic molecules
which possess a potential risk for the environment and human
health owing to their carcinogenic and mutagenic properties, as
well as high toxicity, persistency, and bioaccumulation.' ™
More than 100 PAHs are known to be formed naturally, but
only 16 of them have been promulgated by different agencies,
including the U.S. Environmental Protection Agency (EPA), as
priority hazardous compounds.” Because of their low water
solubility, PAHs are present in the aquatic environment in the
form of mixtures at trace levels, with 0.2 ppb being the EPA’s
maximum contaminant level established.

Standard analyses for PAH quantification are based on using
bench-top chromatography instrumentation.” These methods
are quite tedious because they require lengthy preconcentra-
tion (enrichment), extraction, and clean-up steps, which makes
them not suitable for their integration into at-point-of-use
devices. In this sense, electrochemical techniques open up new
alternatives to develop facile and easy-to-automate analytical
approaches because the transduction method is electronic.
However, the electrochemical screening of PAHs is nowadays
an important analytical challenge because of their trace
concentration in water, which implies that the commonly
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employed voltammetric tools are not sensitive enough to
achieve the demanded agency levels.,”*

Surface engineering is a key strategy to achieve highly
sensitive electrochemical platforms capable of responding to
small external stimuli”® The preparation of self-assembled
monolayers (SAMs) is a simple bottom-up route employed to
form onto solid supports well-defined and organized
monolayers from organic molecules containing free anchoring
groups for surface immobilization. 1971* Thus, the preparation
of SAM:s is highly versatile and has been exploited in a wide
range of fields to tune the surface properties, ™" including for
the develo’pment of novel smart electrochemical trans-
ducers."* ™" Very recently, our research group has combined
a carbon nanotube-rich SAM surface with impedimetric
analysis for determining the sum of PAHs in water via 7—
stacking interactions, demonstrating promising sensing re-
sults.”! However, the main limitation of this electronic
platform is its inability to discriminate between PAH targets,
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Scheme 1. Schematic Representation of the Four PAH-Based Recognition Platforms Synthesized on ITO Electrodes (ES1); (i)
Electrode Activation in an Oxidation Bath and Epoxy-Silane SAM Formation (ES2); (ii) Covalent Grafting of the PAH-NH,
Recognition Units via Epoxy-Amine Cross-Linking (ES3)
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a goal t,}_}at has been recently achieved utilizing an optical array
device.™”

Herein, inspired by the synergism of the unique supra-
molecular 7—stacking interactions between identical PAH
species”" with the enhanced sensitivity provided by the
SAM-based impedimetric systems, we report the development
of a rapid, straightforward, and highly sensitive sensor focused
on customizing the PAH-based recognition unit for the
selective discrimination and quantification of PAH pollutants
in aqueous samples. For this goal, indium tin oxide (ITO)
electrodes have been covalently tuned with four different PAH-
based SAMs as model recognition units [naphthalene (Nap),
anthracene (Ant), pyrene (Pyr), and fluoranthene (Flt)] to
detect PAHs of the same nature. The basis of this work relies
on the interesting noninterfering capabilities of an impedi-
metric device reported previously employing a Pyr molecule as
a recognition unit toward additional PAH targets.z"

B RESULTS AND DISCUSSION

Scheme 1 summarizes the synthesis of the different PAH-based
recognition platforms via two functionalization steps. Briefly,
ITO substrates (ES1) were cleaned in a solvent serially with
increased polarity (dichloromethane, acetone, and ethanol) for
15 min each to degrease. Subsequently, the surfaces were
activated in an oxidizing bath (NH,OH/H,0,/H,0, 1:1:5) for
30 min at 80 °C to promote the formation of hydroxyl groups,
rinsed with abundant water, and quickly immersed in a dry
toluene solution containing 3-glycidoxypropyltrimethoxysilane
[19% (v/v) under inert conditions for 12 h at 60 °C (step i)],
obtaining the ES2 platform. Afterward, the selected PAH
recognition units bearing an —NH, group were covalently
grafted on the ES2 substrates via epoxy-amine addition. This
was realized by immersing them in a 1 mM solution containing
either 2-naphthylamine, 2-aminoanthracene, l-aminopyrene,
or 3-aminofluoranthene [PAH—NH, in toluene at 80 °C for
24 h (step ii)]. This process resulted in ES3-Nap, ES3-Ant,
ES3-Pyr, and ES3-Flt working electrodes. Importantly, steps
(i) and (iii) were carried out under light exclusion and under
an inert atmosphere. Substrates were rinsed after each step

26689
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o

with plenty of toluene and ethanol in order to remove the
unreacted reagents and finally dried with N,. To optimize the
fabrication of the four novel PAH-based systems, the substrates
were characterized at each functionalization step by cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and water static contact angle, as is reported in Figures
§1-583 and Table S1.

The feasibility of the different ES3 recognition platforms
toward their specific PAH target was studied by EIS (Figure
1). For this aim, the four ES3 substrates were used as working
electrodes and dipped into a three-electrode configuration cell
filled with a 0.1 M KCl aqueous solution of 10 mM
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Figure 1. Nyquist plots corresponding to the impedance sensing at
the (A) ES3-Nap, (B) ES3-Ant, (C) ES3-Pyr, and (D) ES3-Elt
recognition platforms before and after interacting with their
corresponding PAH target at different concentrations (¢, incubation
time). Inset: calibration plot with their corresponding etror bars (n =
9). EIS measurements obtained utilizing a 0.1 M KCI solution
containing 10 mM [Fe(CN),]** as the redox marker.
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[Fe(CN);]* "~ as the redox marker. The electroanalytical
assay is focused on the excellent supramolecular )r—stackm’
interactions between identical small aromatic structures.”™
Therefore, concentrations of Nap, Ant, Pyr, and Flt analytes in
the range 0.5—7.0 ng-L™" were impedimetrically monitored at
the ES3-Nap, ES3-Ant, ES3-Pyr, and ES3-Flt electrodes,
respectively. Aliquots of the different PAHs were directly
added into the electrochemical cell and aged for the optimized
times of 3, 5, 10, and 8 min, respectively, under soft stirring
conditions. The electronic transfer capabilities of each ES3
recognition platform in the frequency domain before and after
increasing [PAHs] were determined in terms of charge transfer
resistance (Rep). The resulting Nyquist plots (imaginary
impedance vs real impedance) were fitted with a typical
Randles equivalent circuit.”

Figure 1A—D evidences an interesting R linear decrease
trend with increasing [PAHs]. From an electrochemical point
of view, a positive impedimetric change would be expected
after supramolecular binding formation because an insulating
layer on the electrode surface is generated. However, this
reverse behavior can be accounted by a SAM reorganization
after PAH—PAH interactions. This fact induces the formation
of empty channels exposed on the electrode surface, favoring
the penetration of the [Fe(CN)]*™* redox marker toward
the electrode surface and, therefore, facilitating its redox
reaction.”” A blank reference test was run at the bare ESI
electrode using Pyr as a model PAH analyte. As shown in
Figure 54, no significant impedimetric changes were observed
even after employing concentrations 10° times larger,
demonstrating the leading role of the PAH-based SAM
recognition unit in the supramolecular complex formation.

For the calibration curve construction (see Figure 1, insets),
EIS experiments were carried out employing three different
electrodes from two different batches in order to explore the
reproducibility of the experimental procedure, and each
measurement was taken per triplicate in order to determine
the repeatability of the analytical signal (n = 9). Importantly, it
was tested that the sensing platforms, that is, the electrodes,
could be stored and used 2 weeks after their fabrication
without altering the performance. The low error bars from the
calibration curves in Figure 1 demonstrate that the method is
reproducible and repeatable, and the devices are stable along
the time. The relative ARy signal was calculated as follows:

ARcr = ARcr/R, (1)
ARcr= R, — R, @)

where R corresponds to the electron transfer resistance of the
electrodes before (R,) and after (R,) incubation with the
different PAH concentrations. Importantly, all four ES3
systems exhibited excellent regression curves (# > 0.99) with
good sensitivities (i.e,, slope) as well as extremely low limits of
detection (LOD) for their corresponding PAH target in the
order of part per trillion (ppt) levels, as summarized in Table 1.
Therefore, the synergism of combining the high sensitivity and
fast-response EIS technique with a SAM-based active sensing
layer permits to simply translate any slight surface modification
(as the reported supramolecular m—stacking interactions
between small aromatic molecules at trace levels) into a
detectable output signal.

Because anti-interference property is a critical factor for
sensors, the following step was focused on interrogating the
selectivity of the developed ES3 recognition electrodes toward
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Table 1. Electrode Response Parameters Extracted from the
Calibration Curves with Their Corresponding Confident
Intervals (n = 9)

ES3 analyte ¥ sensitivity ($L-ng™')  LOD (ngL™")
ES3-Nap Nap 0.993 —0.040 + 0.002 0.79 £ 0.08
ES3-Ant Ant 0.999 —0.036 + 0.004 091 + 009
ES3-Pyr Pyr 0.999 —0.059 + 0.002 1.70 + 006
ES3-Flt Flt 0.993 —0.043 + 0.001 0.79 + 0.01

their corresponding PAH target (Figure 2). Accordingly,
effects of potential coexisting PAHs were impedimetrically
examined for each ES3 system by analyzing separately five
different PAH species, such as Nap, Ant, Pyr, Flt, and coronene
(Cor), with two, three, four, four, and seven aromatic rings,
respectively ([PAH], = 2 ppt). As depicted in Figure 2
(dashed line), each ES3 system is much more sensitive and,
therefore, selective to the PAH target equal to its recognition
group, with interfering signals mostly lower than 10% in the
same concentration range. These results reflect preferential
supramolecular 7—stacking interactions between molecules
exhibiting the same aromatic skeleton (see also Figure 55) over
other PAH components, which might be present in similar
concentrations, driving the superior selectivity of the reported
electrodes. Considering the selected PAHs studied, it can be
atfirmed that such selectivity does not arise only from the
number of aromatic rings of the PAHs but instead relies on
their molecular structure. This is reflected with the cases of Pyr
and Flt; although both systems have the same number of
aromatic rings, they are not significantly interfering with each
other.

Further, an electronic tongue approximation was also carried
out in order to evaluate the applicability of the developed
method in a complex mixture solution.*” Figure 3A shows
schematically the followed procedure employing the ES3-Nap
as a model PAH-based recognition platform, which consists in
the following steps: the ES3-Nap substrate was impedimetri-
cally measured in the three-electrode configuration cell (a)
before and (b) after adding 2 ppt of Nap (its intrinsic PAH
target). Afterward, (c) the three additional PAHs (Ant, Flt, and
Pyr for this model system) were added and aged into the
electrochemical cell to study the interference signal in terms of
Ry changes. Finally, (d) an additional 2 ppt of a Nap aliquot
([Nap]; = 4 ppt) was spiked for exploring the sensing
discrimination in a complex matrix media. The same
methodology was carried out for the other three ES3
recognition platforms (ES3-Ant, ES3-Pyr, and ES3-Flt), and
the data are presented in Table 52.

Bar charts from Figure 3B represent the relative IAR:(l
signal for a [PAH],,e: = 2 ppt (i) before and (ii) after adding
2 ppt of each additional interfering PAH, with a final
concentration of [PAH]; = 8 ppt. It can be observed that
there is not a significant increase in the impedimetric signal
after the three additional PAHs are added into the electro-
chemical cell, with a ARl increase of 4.3, 4.4, 7.7, and 7.1%
for ES3-Nap, ES3-Ant, ES3-Pyr, and ES3-Flt, respectively.
Therefore, this demonstrates that the electroanalytical
response of the PAH-based recognition platforms is specific
to their PAH target. Additionally, Figure 3C shows the %
recovery achieved for a [PAH] .. = 4 ppt [after step (d)] and,
therefore, in the complex matrix media with [PAH] = 10 ppt.
The calibration curves from Figure 1 were used for each
interpolation. Overall, it is important to point out the excellent
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(Nap, Ant, Pyr, Flt, and Cor) with a 2 ppt concentration (dashed line: 10% of the signal derived from its corresponding PAH target, s'™*). Bar
charts are represented with their corresponding error bars (n = 9). Redox marker: 10 mM [Fe(CN) ]*~/*.
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Figure 3. (A) Exemplification of the electronic tongue approximation carried out into the three-electrode configuration cell using the ES3-Nap as
the model recognition platform, where the signal was measured: (a) before and (b) after adding a fixed PAH target concentration ([Nap] = 2 ppt;
[PAH]; =2 ppt), (c) after adding a same fixed concentration of the interferent PAHs ([Ant] = [Pyr] = [Flt] = 2 ppt; [PAH]; = 8 ppt), and (d)
after adding again a fix concentration of the PAH target ([Nap] = 2 ppt; [Nap]; = 4 ppt and, therefore, [PAH]; = 10 ppt). (B) Relative IAR{
signals derived from a [PAH ]y = 2 ppt (i) before and (ii) after adding the three additional PAHs (interfering study). (C) %Recovery yielded for

[PAH]hIgct =4 ppt in the complex matrix. Redox marker: 10 mM [Fe(CN),]*~/4~.
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recovery achieved in complex matrices after interpolating the
average impedimetric response on the calibration curves for
[PAH],, 4 = 4 ppt (following the data reported in Table 52,
95.7, 118, 89.0, and 108% for ES3-Nap, ES3-Ant, ES3-Pyr, and
ES3-Flt, respectively). Thus, these promising results demon-
strate again that the interaction between identical PAH species
is the most significant among all the PAHs tested in this work
even in complex matrices. In this sense, it is possible to tune
the sensibility of the developed surfaces toward selected PAHs
by tailoring the PAH-based recognition unit.

Finally, a non-interfering method was additionally explored
by employing a certified reference material (EPA 525 PAH kit
from Sigma-Aldrich), which contains 13 different PAHs,
including Ant and Pyr but excluding Nap and Flt, which
would act here as the negative blanks (see Figure 4 for

.7
g
r m’ -
sy 0
Including: W S Excluding:

» —, HPAHs -
Pyr .""/Anr ""‘/.‘-'ap -"/Fh

ES3-Fit |

Figure 4. Schematic illustration of the noninterfering assay involving a
certified reference material containing 13 different PAHs ([PAH]; =
26 ppt), which includes Ant and Pyr ([Ant] = [Pyr] = 2 ppt, being
impedimetrically recognized by the ES3-Ant and ES3-Pyr, respec-
tively) and excludes Nap and Flt ([Nap] = [Flt] = 0 ppt, negative
blanks, and therefore, no impedimetric responses are obtained
employing the ES3-Nap and ES3-Flt). Redox marker: 10 mM
[Fe(CN)J* .

schematic illustration) for the validation of the calibration
sensing curves. After spiking the electrolyte redox marker
solution with the certified standard solution containing 2 ppt of
each PAH ([PAH ]y = 26 ppt, with [Ant] = [Pyr] = 2 ppt and
[Nap] = [Flt] = 0 ppt), good recoveries were achieved for the
ES3-Ant (87%) and ES3-Pyr (101%) after interpolating the
average impedimetric response (n = 3) on their corresponding
calibration curves (see Figure S6 and Table S3). Remarkably,
the ES3-Nap and ES3-Flt electrodes (negative blank experi-
ments) did not present significant responses (13 and 2%,
respectively). Hence, it has been elucidated that the here-
reported engineered sensing surface is reproducible, robust,
and versatile because it can be modified for switching the
selectivity of the transducer platform toward the selected EPA
PAH pollutant target.

B CONCLUSIONS

In summary, the electrochemical discrimination of hazardous
PAH pollutants in aqueous samples has been successfully
achieved by taking advantage of the unique supramolecular 7—
stacking interactions that take place between identical aromatic
small molecules. The developed method, which could be easily
miniaturized because the transduction principle is electronic,
paves the way for customizing electrodes with the desired
recognition unit for selectively screening a broad range of small
aromatic molecules.
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B MATERIALS AND METHODS

Chemical and Reagents. ITO substrates (single face-coated ITO
over unpolished float glass; resistance: 15—25 €) were purchased
from Delta Technologies. Both SAM-based reagents [glycidoxyprop-
yl-trimethoxysilane (>98%), 1-aminopyrene (97%), 2-aminoanthra-
cene (96%), l-naphthylamine (>99%), and 3-aminofluoranthene
(90%)] and PAH targets [Pyr (=99%)], Ant (99%), Nap (99%), Flt
(98%) and coronene (97%)] were purchased from Sigma-Aldrich.
Potassium chloride (KCl, 99.5%), potassium ferricyanide/ferrocya-
nide (K;[Fe(CN),]/K,[Fe(CN),], 99.8%), ammonium hydroxide
(NH,OH, 5 N), and hydrogen peroxide (H,0,, 30% wt) were also
supplied by Sigma-Aldrich. All the organic solvents (dichloromethane,
acetone, ethanol, and toluene) used were of high-performance liquid
chromatography grade and acquired by Teknokroma. Aqueous
solutions were prepared employing ultrapure water from a Milli-Q_
system (Millipore).

Apparatus. Electrochemical experiments were carried out employ-
ing Novocontrol Alpha-AN impedance and analyzed with a
potentiostat POT/GAL 30V/2A electrochemical interface. Both CV
and EIS experiments were run in a three-electrode configuration cell
filled with a 20 mL of 0.1 M KCI solution containing 0.01 M
K;[Fe(CN)4/Ky[Fe(CN),4]. The electrodes employed were: a single-
junction Ag/AgCl as the reference electrode, a platinum wire as the
counter electrode, and the ITO-based substrates as the working
electrodes. The scan rate employed for CV measurements was S0 mV-
s7'. EIS measurements were acquired in a frequency range from 100
kHz to 0.1 Hz, using a bias of +150 mV and an AC amplitude of 5
mV. Charge transfer resistance (Rcp) patameters were acquired by
fitting the impedance spectra to the Randles equivalent circuit with
Zview software (Scribner Associates Inc.).

The contact angle () measurements were obtained from a DSA
100 System (KRUSS) by automatically dispensing 3 uL of Milli-Q_
water drops. Experiments were obtained per triplicate (n = 3).

Electroanalytical Assay. The electroanalytical assay was impedi-
metrically monitorized by means of Rgy changes. The different ES3
working electrodes were immersed in an aqueous solution containing
a desired concentration of the selected PAH for some minutes. Such
desired concentrations were achieved by adding aliquots from the
stock PAH solutions: Nap 32 ppm, Ant 7.3 ppb, Flt 26 ppb, Pyr 135
ppb, and coronene 14 ppb. Each measurement was token per
triplicate in three different electrodes from two different batches (n =
9) in order to evaluate both repeatability and reproducibility.
Electrodes were used during two different weeks and exhibited
good stability in this time.
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Figure S1: CV characterization of: bare ITO (black, ES1), ITO-silane (red, ES2) and the four
different ITO-silane-PAH (blue, ES3-Nap; orange, ES3-Ant; green, ES3-FIt and puiple, ES3-
Pyr) electrodes. Experimental conditions: Redox marker: 0.01 M [Fe(CN)g]*"*; scan rate: 50
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Figure S2: EIS characterization of: bare ITO (black, ES1), ITO-silane (red, ES2) and the four
different ITO-silane-PAH (blue, ES3-Nap; orange, ES3-Ant; green, ES3-FIt and puiple, ES3-
Pyr) electrodes. Experimental conditions: Redox marker: 0.01 M [Fe(CN)s]*'*: freq.: 100 kHz
—0.1 Hz, bias: +150 mV, AC amplitude: 5 mV.
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d) ES3-Nap e) ES3-Ant f) ES3-Flt

Figure S3: Water contact angle measurements of a) bare ITO (ES1), b) ITO-silane (ES2) and
ITO-silane—PAH made of c) pyrene (ES3-Pyr), d) naphthalene (ES3-Nap), e) anthracene
(ES3-Ant) and f) fluoranthene (ES3-FIt). Water drops of 3 pL were employed. See Table S1

for the corresponding values.
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Figure S4: EIS experiments at the bare S1 electrode in the presence of increasing
concentrations of pyrene as a model PAH target. [Pyr] employed: a) 0, b) 1.75, ¢) 3.50 and d)
7.00 ppb. Note that no significant electrochemical changes or no lineal trend were observed
even using concentrations 10° times higher than the ones used for the S3-based recognition
platforms (at ppt levels). Accordingly, this fact verifies the key role of the PAH-based
recognition agent in the SAM-based platform for the sensitive supramolecular recognition of the

PAH targets.
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Figure S5. Additional non-interfering experiment using ES3-Pyr electrode to detect PAH
molecules with the same number of aromatic rings (n=4), such as pyrene (Pyr), l-aminopyrene
(Pyr-NH,) and fluoranthene (Flt). While the ES3-Pyr recognition platform is capable to
discriminate between PAH molecules of different nature (i.e., Pyr and Flt, note the lower %
signal response (< 10%) for Flt) since the structure of fluoranthene differs significantly from the
original PAH-based recognition platform, this platform cannot discriminate between PAH
molecules exhibiting the same molecular skeleton (i.e., Pyr and Pyr-NH,, which only differ by a
single functionality and therefore, the % signal is = 95%). EIS experiments were run utilizing a

fix concentration of PAHs ([PAH] = 7 ppt).
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Figure S6: EIS validation experiment at the different ES3-based recognition platforms
employing a standard EPA 525 PAH complex mixture, which contains 13 different PAHs at 2
ppt each, including Ant and Pyr and excluding Nap and Flt (as the blanks). The non-interfering
method shows the EIS signal before (black line) and after incubating the comresponding ES3

surfaces in the presence of the standard PAH solution (red line).
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Supportmg Information Tables

Table S1: Summary of the characterization data acquired by *CV, YEIS and contact angle at

each functionalization stage.

Electrodes  2AE (V) i, (uA)  "Rer(Q) 0 ()
ES1 0.24 1.73 7 82.9+0.1
ES2 0.25 1.05 105 6244

ES3-Nap 0.27 0.64 208 81+1
ES3-Ant 0.27 0.93 112 762+ 0.2
ES3 Flt 032 0.83 156 65.5+04
ES3-Py1 0.59 0.68 175 7444

Table S2: Data derived from the electronic tongue approximation study (Figure 3) at each EIS
step employing the four different ES3 recognition platforms.

Step i) Step ii)
Electrode tl;?ljt [PA}tI]’
& (pp ) [PAH]T AR‘,CT [PAH]T AR‘I’(l'l' |AR’C1'|i.ntrease

(ppt) ((0)) (ppt) Q) (%)
ES3-Nap Nap 2 2 0.165 8 0.172 4.3
ES3-Ant Ant 2 2 0279 8 0.291 44
ES3-Pyr Pyr 2 2 0.367 8 0.395 7.7
ES3-Flt Flit 2 2 0.166 8 0.177 7.1

Sensing discrimination study for a [PAH];,. = 4 ppt in a complex mixture

Electrode farget [SI;J?I{I:!; [P?g]];;rg" [1:;:13} T e?}ic(tzii 0%3:31221 % Recovery
(Ppt) (&) Q)
ES3-Nap Nap 2 4 10 0.232 0222 95.7
ES3-Ant  Ant 2 4 10 0.364 0.430 118
ES3-Pyr Pyr 2 4 10 0.540 0.481 89.0
ES3-Flt Flt 2 4 10 0218 0.235 108
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Table S3: Validation method for the determination of PAHs in water using a standard PAH

complex mixture employing the different ES3-based recognition platforms. (*) Signal derived

from the y-intercept.

R;;;tgfﬂi:;m PAH target ﬂ(’;;f)]x |ARCI|($3P‘=‘C ted [ARcp |(;);tajned % Recovery
ES3-Nap Nap 0 0.083" 0.072 87
ES3-Ant Ant 2 0.336 0.292 87
ES3-FIt Flt 0 0.045 0.046 102
ES3-Pyr Pyr 2 0.414 0.420 101

S6
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Abstract:

A robust electrolyte-gated organic field-effect transistor (EGOFET) able to
respond to pH in the range 1-10 is reported. Novelty, this is realised by exploiting the pH-
dependent supramolecular host-guest complexation of imidazol/ B -cyclodextrin (B -CD).
The sensing protocol is performed by incubating magnetic nanoparticles functionalised
with B-CD with imidazol solutions at different pH and trapping them in a magnetic carbon
electrode. Such electrode is then implemented as gate contact in the EGOFET. At higher
pH the complexation is more favoured, resulting in a negative shift of the device transfer
characteristics. Remarkably, the carbon gate electrode can be polished and re-used and

the devices show high stability and reproducibility.
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Introduction

The development of chemical sensors is technologically relevant for a wide
variety of fields, such as medical diagnostics, security, food safety and environmental
monitoring. In particular, there is an increasing demand for low-cost and reliable sensors
capable of directly and rapidly detecting analyte molecules without the need of using
expensive and time-consuming procedures. Thus, low-cost organic electronic devices
have emerged as a promising solution. Electrolyte-Gated Organic Field Effect Transistors
(EGOFETs) are
high sensitivity to potentiometric and capacitive changes occurring at the
electrolyte/device interfaces. !4 Further, these devices offer clear advantages like cost-

effective production, compatibility with flexible substrates and bio-compatibility.

Most of the reported EGOFET sensors rely on the use of gold gate electrodes
chemically modified with bio-receptors that can interact with the target analyte.
Typically, antigen-antibody systems are used for this purpose.®*7 The sensing protocol
consists in incubating the electrode with the analyte of interest and, subsequently,
implementing it as gate contact in the EGOFET device. Recently, we have also reported
that: 1) the use of host-guest supramolecular interactions is also a viable route to fabricate
EGOFET-based sensors,'® and 2) low-cost magnetic carbon paste gate electrodes (CGE)
able to trap functionalized magnetic nanoparticles (MNPs) on their surface represents a
promising sensing platform, being the main advantage that the electrodes can be polished

and re-used.'®

Herein, we developed a pH EGOFET sensor combining the use of supramolecular
interactions with magnetic CGE. Low-cost pH sensors are important in various fields,
including agriculture, environmental monitoring, and biotechnology. They are critical for

measuring the acidity/alkalinity of water and soil and monitoring the pH of fermentation

2
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20-22 T, this work, the sensing is realized by preparing MNPs functionalized

or cell culture.
with B-cyclodextrin (B-CD) and exploiting the well-known supramolecular complex
formation between B-CD and imidazole.”>=° The amphoteric character of imidazole
derivatives, with a pKa with respect to its conjugate acid close to 7, makes this material
highly suitable for studying the host-guest interaction at different pH. Our results show
that the EGOFET can sense the pH of solutions in a wide window from 1 to 10 with high
sensitivity and reproducibility. In addition, thanks to the re-cyclability of the CGE and

the fact that the sensing event takes place outside the device, the EGOFETs can be re-

used for more than fifty measurements.

Results and Discussion

With the aim of preparing MNPs functionalised with B-CD, we decorated cobalt
iron oxide nanoparticles (aprox. 30 nm diameter) with CdS quantum dots (QD), known

to form covalent bonds with thiols, such as per-6-thio-B-cyclodextrin.?!-

The one-pot
synthetic protocol followed was adapted from methods from literature (Figure 1a).*
Briefly Cd(INOs)» and per-6-thio-p-cyclodextrin were added to an aqueous suspension of
CoFe;0s. Subsequently, the suspension was adjusted at pH 11, Na>S-9H:0 was added,
and the mixture was left overnight, giving B-CD/CdS-QD@MNPs (see Experimental
Section). As reference, also MNPs without B-CD were prepared (CdS-QD@MNPs). The
nanoparticles exhibited a high propensity to aggregate, which was observed using
scanning transmission electron microscopy (STEM) (Figure S1). Magnetization data
clearly show a reduction in the saturation remanent magnetization afler the surface
modification of the MNPs owing to a decrease in the relative amount of the magnetic

component (Figure 82).3*° Thermogravimetric Analysis (TGA) shows for p-CD/CdS-

QD@MNPs a loss of mass (2.5%) at 50-200 °C due to moisture adsorption,* a second
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step at 220-320 °C (10.5 %) ascribed to cleavage of the thiol bonding between the

macrocyclic and CdS,* and a final mass loss from 320-400 °C corresponding to CdS

degradation (Figure 83).* X-ray Photoelectron Spectroscopy (XPS) also confirms the

modification of the MNPs with CdS and the incorporation of B-CD (Figure S4).

([) . CdS Quantum Dot

@MNPs T .
il — & OD Ps
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Figure 1. (a) Schematic representation of B-CD/CdS-QD@MNPs synthesis. (b)
Emission at 533 nm (hex = 390 nm) at different pH (from basic to acid media and vice
versa) for a suspension of B-CD/CdS-QD@MNPs in PBS in the absence (left) and

presence (right) of [CsH4N>]. The data plotted are the average of 3 different experiments.

As previously mentioned, §-CD and imidazole ([C3H4N:]) form a supramolecular
complex.” > [C3HsN,] is a weak base with a pKa of around 7, approximately.** Hence,

at pH values above the pKa, imidazole will be mostly deprotonated and complex with [3-
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CD, whereas at pH values below the pKa, imidazole will be mostly protonated and will

not enter mnto the B-CD hydrophobic cavity (Figure 2).

Taking advantage of the fluorescence properties of the prepared nanoparticles due
to the presence of CdS QDs (Figure S5), we investigated the influence of the B-CD-
[C3HsN:] supramolecular complexation at different pHs on the optical properties. The
emission properties at 533 nm (Aex = 390 nm) were investigated in a suspension of -

CD/CdS-QD@MNPs (1 mg-ml™) in a phosphate buffer solution (PBS) solution under

@
3
=]

o

[}

w

=7

@

[= 1

HiN;]. Th
from 2.3 to 8.2, and then vice-versa, in two separate experiments. As shown in Figure
1b, in the reference sample where imidazole is absent, we observe a quenching of the
fluorescence at pH acid caused by the aggregation of the nanoparticles. When the same
experiment is performed in the presence of [CsH4N3], the same quenching tendency is
observed. However, in this latter case, the dependency follows a more reversible and
linear behaviour. Thus, the host-guest complexation between B-CD and [C3H4N:] seems
to stabilise the nanoparticle suspension. DLS data also confirms the aggregation process
occurring at acid pH (Figure S6). Hence, although it is clear that the supramolecular
complex formation plays a role, due to the aggregation of the nanoparticles in the
suspension, the fluorescence output cannot be easily exploited to monitor the

complexation process.

Following, we use an EGOFET with a magnetic CGE to electrically read out the
state of the supramolecular complex equilibrium. The EGOFETs were fabricated using
as OSC film a blend of 2,8-Difiuoro-5,1 I-bis(triethylsilylethynyl)anthradithiophene (diF-
TES-ADT) with polystyrene (PS) in a weight ratio 4:1. Thin films were prepared by Bar-
Assisted Meniscus Shearing on flexible Kapton substrates with pre-fabricated gold

electrodes, as previously reported (see Experimental Section).**™*’ As gate contact, a CGE
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was assembled using a carbon paste composite based on reduced graphene oxide and an

epoxy resin as conducting filler.*’*® In the electrode, a magnet was also inserted, as

illustrated in Figure 2.
"""\'“C """ b, Sensing ‘
i CGE i ]
: H [-CD/CdS-QD @MNPs
i i
l - 5#

E oy ‘\'. —~

1 \ h

: " Incubation

E ! ! — Trapping
! k. .
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Figure 2. Schematic representation of device fabrication and their implementation as a
novel approach to sense supramolecular interactions of imidazole at B-CD/CdS-

QD@MNPs.

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV)
measurements were used to characterize the CGE electrodes after magnetically collecting
B-CD/CdS-QD@MNPs (suspension of 0.33 mg-ml') incubated for 10 min in an
imidazole solution (6.7 mM) in PBS at different pH, and rinsing with ultrapure water.

The electrolyte solution consisted of a 100 mM PBS solution (pH =7.4) containing 10

6
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mM [Fe(CN)s]*™* as redox marker. After each measurement, the CGE was polished and
re-used (see Experimental Section). In the CV, a slight decrease of the anodic and
cathodic current intensities is observed with the increasing of the pH (Figure 3a).
Accordingly, the transfer resistance (Rcr) values extracted by EIS show a significant
increase in Rer from 13748 Q at acid pH to 358+34 Q at basic pH. This is ascribed to the
host-guest complex formation that hinders the charge transfer between the redox probe in
the solution and the electrode (Figure 3b).

a)
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T T 4 T T T T T T T T v v T T T T T
-06 04 02 0 02 04 06 08 1 0 50 100 150 200 250 300 350 400 450

Potential V vs. Ag/AgCl Zp O

Figure 3. a) Cyclic voltammetry (scan rate: 100 mV-s!) and b) electrochemical
impedance spectroscopy characterization (Nyquist plots) recorded in a 100 mM PBS
aqueous solution at neutral pH, containing 10 mM of [Fe(CN)s]*'*. A three-electrode
configuration cell, using a platinum wire as counter, Ag/AgCl as reference, and a CGE
coated with B-CD/CdS-QD@MNPs as a working electrodes were used. Before each
measurement, the p-CD/CdS-QD@MNPs suspensions were previously incubated for 10
min in an imidazole solution at different pH. The Nyquist plots were acquired at Vpc =

0.2 Vand Vac=35 mV (in a frequency range of 100 kHz to 100 mHz).
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The EGOFETs were then characterized using the magnetic CGE electrodes. First,
200 pl of a suspension of B-CD/CdS-QD@MNPs (1 mg'ml!) in PBS were diluted with
400 pl of a [C3HsN:] solution in PBS at pH 3 and 9, with increased concentration of
[C3HaN:] ranging from 107 to 0.1 M. After 10 min of incubation, the magnetic CGE was
immersed in the solutions to trap the p-CD/CdS-QD@MNPs, rinsed with ultrapure water
and implemented as gate contact in the EGOFET. The transfer characteristics (Vpg = -0.4
V) were recorded using Milli-Q water as electrolyte (Figure 4). Again, after each transfer
measurement, the gate electrode was polished to remove the p-CD/CdS-QD@MNPs

attached to the electrode surface and re-used.

The measurements performed at pH=3 are not influenced by the [CsHiN-]
concentration, which is explained by the fact that at this pH, imidazole is protonated and
is not forming a complex with B-CD. In contrast, the curves performed at pH=9 show a
clear dependence on [C3H4N:]. The transfer curves are negatively shifted when increasing
[CsH4N2]. After correcting the potential offset of the different transfer characteristics
recorded at pH=9, a perfect overlap of the curves is observed (Figure 87), which indicates
that the changes observed are due to a potentiometric effect. Figure 4¢ shows the
correlation between the relatve maximum drain-source current (Ips) shift against
[C3H4N2], and in Figure S8 the equivalent plot is illustrated using the threshold voltage
(V). Higher imidazole concentrations displace the complexation equilibrium towards
the formation of the complex, which impacts on the device response making it more

difficult to switch it on.
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Figure 4. Transfer characteristics of the EGOFET (Vps = -0.4 V) using a CGE with
collected B-CD/CdS-QD@MNPs that had previously been incubated in a PBS solution
with an increasing concentration of [CsHsN:] (a) at pH = 3 and (b) pH=9. (c) Relative
source-drain current shift (at Vgs = - 0.8 mV) against [CaHiN2]. (d) Transfer
characteristics of the EGOFET (Vps = -0.4 V) using a CGE with collected p-CD/CdS-
QD@MNPs that had previously been incubated in PBS solutions with [CsHsN-]| = 6.7

mM at pH ranging from 1 to 10.4. (e) Relative source-drain current (at Vgs =- 0.8 mV)
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with respect to the current at pH=1, as a function of pH for five different devices. (f)
Relative change of the Isp and Vrw shift for 10 switching cycles in which the CGE is
alternatively collecting B-CD/CdS-QD@MNPs incubated in a 6.7 mM imidazole

solution at pH = 3 and pH= 9.

Next, the same experiment was performed, fixing the imidazole concentration at
6.7 mM and modifying the pH of the solutions used for the incubation of the nanoparticles
from 1 to 10 (Figure 4d) and from 10 to 1 (Figure S9). When more basic solutions were
employed, the transfer curves exhibited a significant current decrease and a shift towards
more negative gate voltages. At high pH, imidazole is not protonated and can form a
stable complex with f-CD. This results in a shielding effect on the gate voltage, so then
to switch on the EGOFET a higher negative voltage is required. The calibration curves
averaged using data from five replicates are plotted in Figure 4e and Figure S10. Clear
linear correlations are found between the relative Ips and the V1u shift with the pH, with
a sensitivity of 0.085+0.004 pH ™! and—25 + | mV-pH, respectively. Thus, the EGOFET
can be used to electrically read out the pH of a solution in the range 1-10 by exploiting
the supramolecular host-guest interaction between imidazole and B-CD. The pH
determines the number of empty/filled p-CD cavities, which, in turn, potentiometrically

impacts on the device electrical characteristics.

Blank experiments were performed by incubating the p-CD/CdS-QD@MNPs in
PBS solutions at different pH without [CaH4Nz]. As observed in Figure S11, the acquired
transfer curves completely overlapped, demonstrating that there is no effect on the pH.
Therefore, employing this methodology in which the magnetic nanoparticles are collected
on the electrode surface, the nanoparticle aggregation occurring in the suspension when

the pH is modified is not distressing the EGOFET measurements.
10
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In order to verify the reversibility of the system, p-CD/CdS-QD@MNPs were
incubated in acid (pH= 3) and basic (pH= 9) solutions containing imidazole ([C:HsN:]=
6.7 mM). The B-CD/CdS-QD@MNPs were alternatively collected on the same CGE
surface and used as gate electrode in the EGOFET, polishing the electrode after each
measurement. As observed in Figure 4f and Figure S12, the system shows high
reversibility, pointing out also that the polishing of the electrodes is not hampering the

device response.

characteristics of the EGOFET with the CGE with collected p-CD/CdS-QD@MNPs,
previously incubated in a 6.7 mM [C3H4N:] solution at pH=9, over a time period of 210
min. As shown in Figure S13, there is a shift of the threshold voltage towards positive
values with time, which is in agreement with the release of [CsH4N:] into the electrolyte

solution.

11
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Conclusions

In summary, a pH sensor EGOFET has been developed able to operate in a wide
pH range (i.e., from 1 to 10) with high sensitivity. Interestingly, this has been achieved
by exploiting the pH-dependence of the supramolecular complex equilibrium between
imidazol and f-CD. Magnetic nanoparticles have been decorated with CdS quantum dots
and functionalised with thiolated B-CD. A suspension of these B-CD/CdS-QD@MNPs
were incubated with imidazol at different pH. By analysing the fluorescence emission of
1s, we observed that the flu 1ce 1s quenched at pH acid, and
hence, the effect of the complexation is mixed with the aggregation of the nanoparticles.
Further, the incubated nanoparticles were collected in a magnetic carbon-paste electrode
and, subsequently, implemented as gate contact of an EGOFET. The device transfer
characteristics clearly showed a dependance on the pH of the solutions. The more basic
the pH, the complexation is favoured, which results in a potentiometric effect on the
device that requires the application of a higher negative voltage to be switched on.
Remarkably, the CGE could be polished and re-used and the devices showed high
stability and reproducibility. Hence, this work demonstrates the potential of making use

of supramolecular interactions for the development of sensors and also how the use of

magnetic gate electrodes in EGOFETs offer wide perspectives in the field.

Experimental Procedures

Chemicals and reagents:

Polystyrene (PS, analytical standard, Mw = 10.000 g mol!), graphene oxide (GO)
powder, 2,3.4.5,6-pentafluorothiophenol (PFBT, 97%), cobalt iron oxide nanopowder

(30 nm particle size), ), per-6-thio-B-cyclodextrin was acquired from Cyclolab, imidazole

12
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and anhydrous chlorobenzene (CB, 299.5%) were purchased from Sigma Aldrich and
used as received. 2,8-Difluoro-5,11-bis(triethylsily-lethynyl)anthradithiophene (diF-
TES-ADT) was purchased from Lumtec and used as received. The Epotek H77 polymeric
matrix was obtained from Epoxy Technology (Billerica, MA, USA). Kapton substrates
(Kapton HN, 75 pum thick) for transistor fabrication were delivered by DuPont
(Wilmington, DE, USA). Polydimethylsiloxane (PDMS) was purchased from Dow
Coring Corporation (Barry, UK) and prepared according to the standard protocol. All
organic solvents were of HPLC grade. Deionized water (18.2 MQ-cm) was obtained from
a Milli-Q system (Millipore, Billerica, MA, USA). All the rest of the reagents were of at

least analytical grade and used as received.
Nanoparticles Synthesis

B-CD/CdAS@MNPs: 75 mg of MNPs were suspended in a 250 mL round-bottomed
flask containing 50 mL of Milli-Q water (1.5 mg-mL™) and ultrasonicated for 1 h. Next,
i) 50 mL of an aqueous solution containing 5.0 mM Cd(NOs),-4H,0 (the Cd** precursor)
and 7i) 1.0 mM of per-6-thio-B-cyclodextrin (thiolated B—CD), were added. The solution
was adjusted at pH 11 with a 1.0 M NaOH solution and sonicated 30 min more. In this
step, the driving force is focused on the electrostatic interactions between the hydroxyl
groups present on the MNPs surface and the Cd*" metal ion precursor. Afterwards, iii)
100 mL of a 2.5 mM solution of Na:S-9H,O (the S* precursor) was added dropwise. The
molar ratio of Cd*" /S* was fixed at 2:1. Then, the solution was aged overnight at 65 °C
under sonication, inducing the in situ nucleation of CdS—QDs in the proximity of the
MNPs. The resulting B-CD/CdS-QD@MNPs were magnetically removed, washed

several times with Milli-Q water and ethanol, and dried overnight at 80 °C.

13
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CdS@MNPs: Magnetic nanoparticles containing CdS quantum dots were
synthesized following the same protocol as described above but without adding the

thiolated B—CD.
Electronic Device Fabrication

Interdigitated source-drain electrodes were patterned on Kapton substrates by
photolithography (MicroWriter ML Laser Lithography System) and subsequent thermal
evaporation of 5/45 nm of a Cr/Au (Evaporation System Auto 306 from BOC Edwards).
The channel width (W) and length (L) was 10000 um and 50 um, respectively. Prior to
the organic thin-film layer deposition, substrates were cleaned in an ultrasonic bath
containing acetone and then isopropanol for 15 min. Afterwards, the substrates were
exposed to an ultraviolet ozone cleaner for 25 min and then immersed in a 15 x 10°M
PFBT solution in isopropanol for 15 min to functionalise the source-drain electrodes and
rinsed with ethanol. Finally, solutions of diF-TES-ADT and PS in chorobenzene (2 wt%)
were mixed in a 4:1 volume ratio and deposited in ambient conditions using the bar-
assisted meniscus shearing (BAMS) technique (coating speed: 10 mm s, substrate

temperature: 105°C), as previously reported.®4+17
Magnetic carbon pasted electrode fabrication

Reduced graphene oxide (rGO) was synthesized from graphene oxide (GO) via
ascorbic acid reduction.*”* Carbon-paste electrodes were hand-made fabricated by
manually mixing the rGO and the insulating epoxy resin in a 13:87 ratio (w/w) for 30
min,*"*® Then, the paste was confined in a PVC tube (6 mm of internal diameter and 20
mm of length), with a cooper disk (5 mm of diameter and 1 mm thick) which was soldered

to a connector. A neodymium magnet (3 mm diameter) was placed in the center of the

14
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matrix electrode.** The electrodes were then cured at 80 °C for 24 h and finally polished

with sandpapers of decreasing grain size (800 and 1200).
Apparatus and Characterization Procedures

Fluorescence Assays were recorded using a Cary Eclipse Fluorimeter. The excitation
wavelength was 390 nm, and the acquisition wavelength was from 500 to 550 nm. The
experiments were performed using a quartz fluorescence cuvette under stirring conditions
(400 rpm).

Dynamic Light Scattering (DLS) measurements were carried out by a Zetasizer Nano
ZS using a plastic micro cuvette from Malvern Panalytical. All reported results are

averaged over three consecutive measurements of the same samples.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
recorded using an AutoLab Metrohm PGSTAT128N potentiostat/galvanostat equipped
with NOVA 2.1 4 software. CV and EIS experiments were performed in a three-electrode
configuration cell filled with 15 mL of 0.1 M PBS aqueous solution containing 10 mM
[Fe(CN)s]>™*~ as redox marker. A single junction reference electrode Ag/AgCl (3 M) and
a platinum wire were used as a reference and auxiliary electrodes, respectively. The

developed carbon paste electrodes were employed as working electrodes.

For the EIS measurements, a frequency range between 100 kHz to 100 mHz was
employed at redox equilibrium potential (+200 mV). The signal amplitude to perturb the
system was 5 mV, and the equilibrium time was 10 s. Impedimetric values were

determined by plotting the Nyquist plots (Zreal VS Zimag).

Electrical transistor characteristics were measured using an Agilent 5100A
connected to the samples with a SUSS probe station. The transfer and output

characteristics were performed at ambient and dark conditions by confining 300 plL. of

15
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Milli-Q water on the interdigitated electrodes area with a PDMS pool, where the CGE

was immersed. The transfer characteristics were recorded at Vps= —0.4 V.
Sensing procedure

The CGE was cleaned by first polishing the surface and then rinsing it with ultrapure

water to remove any polishing residues.

The [C:HaN:] solutions were prepared in PBS 1x pH 7.2 with a concentration from 10
110 0.1 M. The pH was adjusted by adding NaOH or HC1 0.1 M to reach the desired pH

(from 1 to 10.4).

The incubation protocol for the B-CD/CdS-QD@MNPs consisted of the following

steps:

(1) 0.2mL of a of 1 mg-mL" suspension of B-CD/CdS-QD@MNPs in PBS were
introduced in an Eppendorf tube and filled with 0.4 mL of the [C3HiN>]
solution in PBS. The mixture was incubated for 10 minutes at room
temperature under gentle stirring (Heidolph Inkubator 1000).

(11) The B-CD/CdS-QD@ MNPs were magnetically collected on the CGE surface
by immersing the CGE in the solution.

(i)  The CGE was rinsed with ultrapure water.

(iv)  The CGE with the collected nanoparticles was implemented as gate electrode
in the EGOFET.

v) After the electrical measurement, the CGE was polished and re-used.

16
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Figure §1: STEM of MNPs, CdS-QD@MNPs and B-CD/CdS-QD@MNPs samples.
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Figure S2. Field dependent magnetization curves for MNPs (black), CdS-QD@MNPs
(green) and B-CD/CdS-QD@MNPs (orange) samples measured at room temperature

between -20.000 and 20.000 Oe.
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Mass/ %

Figure S3. TGA measurements for MNPs (black), CdS-QD@MNPs (green) and B-
CD/CdS-QD@MNPs (orange). The final weight loss at 400 °C was estimated to be 0.7

%, 1.5 % and 17.3 % for MNPs, CdS-QD@MNPs and B-CD/CdS-QD@MNPs,

respectively.
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Figure S4. High resolution S2p and Cd3d XPS spectra for MNPs, CdS-QD@MNPs and

B-CD/CdS-QD@MNPs.

High resolution XPS spectra in the region of S2p and Cd3d binding energies (BE)
were acquired for MNPs, CdS-QD@MNPs and B-CD/CdS-QD@MNPs samples
(Figure S4). The peaks assignment was done based on previous reports. For the raw

magnetic nanoparticles, as expected no peaks assigned to the presence of S2p were found,
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owing to the lack of sulphur atoms on the surface. Contrary, two doublets at 161.4 eV -
162.5eV and 163.7 - 164.9 eV (for S2p1» and S2pap, respectively) were clearly observed
in the CdS-QD@MNPs attributed to Cd-S and most probably to disulfides, respectively.
In the B-CD/CdS-QD@MNPs sample the doublet was found at 161.0 eV (S2p12) and
162.2 €V (S2psn), ascribed to Cd-S-R bond.! Next, a peak at 166.0 eV was ascribed to a
satellite emission in CdS-QD@MNPs > Finally, the peaks at 168.2 eV and 172.2 eV for
CdS-QD@MNPs, and 167.9 eV and 172.9 eV for B-CD/CdS-QD@MNPs are attributed

to other oxidation states.>*

For Cd3d spectra, as expected, no peaks were found for the MNPs. Contrary,
several peaks (as doublets, for Cd3ds» and Cd3ds») with the typical 6.74 eV splitting” are
observed in the case of capped magnetic nanoparticles (CdS-QD@MNPs and B-
CD/CdS-QD@MNPs). For CdS-QD@MNPs a doublet ascribed to Cd-S is found at
405.2 eV and 412.0 eV® and, a second doublet at 402.4 eV and 409.2 eV is assigned to
CdO.” In the case of the p-CD/CdS-QD@MNPs the peaks at 405.0 and 411.7 are
attributed to the Cd-S (Cd3ds» and Cd3ds» respectively). Finally, the doublet at 404.6 eV
and 411.4 eV, present in both samples, is attributed to the presence of Cd(OH)..® The

9,10

small shift observed in the peak position”'? of Cd-S upon the incorporation of the B-CD,

is ascribed to the grafting of the B-CD onto the QD surface.
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Figure S5. Emission spectra for B-CD/CdS-QD@MNPs measured at different excitation

wavelengths.
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Figure S6: DLS measurements for 0.03 mg-mL" B-CD/CdS-QD@MNPs suspensions

in Mili-Q water containing 0.67 mM of [CsHsN:] at pH 3 and 10.
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Figure S7. Transfer characteristics shown in Figure 4b as a function of the effective gate
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Figure S8. Threshold voltage shift change vs. imidazole concentration extracted from the

transfer characteristics of EGOFETs (Vps = -0.4 V) with a CGE with collected B-

CD/CdS-QD@MNPs that had previously been incubated in a PBS solution with an

increasing concentration of [C3HaN:] at pH = 3 and pH=9. The error bar is relative to

two different devices.
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Figure S9. Transfer characteristics (Vps = -0.4 V) of an EGOFET employing as gate

electrode a CGE with collected B-CD/CdS-QD@MNPs previously incubated in a PBS

solution with 6.7 mM of imidazole at pH ranging from 10 to 2.
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Figure S11. Transfer characteristic (Vps = -0.4 V) of an EGOFET with a CGE gate
electrode with collected B-CD/CdS-QD@MNPs incubated at different pH without

1midazole.
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Figure S12. Transfer characteristic (Vps = -0.4 V) of an EGOFET with a CGE gate
electrode with collected p-CD/CdS-QD@MNPs incubated in a PBS solution with 6.7

mM of imidazole at pH 3 and 9.
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Figure S13. Transfer characteristic (Vps = -0.4 V) measured over time of an EGOFET
with a CGE gate electrode with collected f-CD/CdS-QD@MNPs incubated in a PBS

solution with 6.7 mM of imidazole at pH 9.
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1.

ii.

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:

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.

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
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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.

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.

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.

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 n-stacking interactions present among identical aromatic molecules.
This achievement demonstrates the feasibility of achieving selective discrimination of
a wide range of small aromatic molecules.

The supramolecular complex formation/desorption between imidazole and -

cyclodextrin (B-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 B-CD were synthesized. The B-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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