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Resumen

Detectar la desintegracién doble beta sin neutrinos (Ovpp) es la clave para
desvelar la verdadera la naturaleza de los neutrinos como particulas
de Majorana es decir, que los neutrinos son equivalentes a los antineutri-
nos. Este descubrimiento abriria la puerta a la extensién del Modelo
Estandar de particulas, permitiendo una inclusion sencilla de la masa
del neutrino en dicha teoria. Ademads, establecer la naturaleza del
neutrino permitirfa entender por qué no observamos antimateria en el
universo, pese a que en el Big-Bang se debi6 crear tanta materia como
antimateria. Segtin las leyes conocidas de la fisica, todas las particulas
se deberian haber aniquilado con sus correspondientes antiparticulas
durante el periodo de inflacién. En cambio, hoy en dia sélo obser-
vamos materia. Si el neutrino resultara ser su propia antiparticula,
podria inclinar la balanza hacia el lado de la materia. Por tanto, esta
pieza del puzzle nos ayudaria explicar por qué existe materia en el
universo. Este es el objetivo principal del experimento internacional
NEXT.

El experimento NEXT busca la desintegraciéon Ovpg del is6topo
xenon-136, un evento extremadamente raro con una vida media de al
menos 10% afios. Para ello se esté trabajando en encerrar una tonelada
de 13°Xe en una cdmara en la que se espera detectar del orden de
unas pocas decenas de desintegraciones por afio. Cada una de estas
desintegraciones produce un i6n de bario-136. Dado que no existen
otras fuentes de bario en este entorno, detectar estos iones seria crucial
para identificar el evento de desintegraciéon Ovpp. Esta tesis recoge
los resultados obtenidos en los primeros pasos del desarrollo de un
sensor para la captura de estos iones de de bario. Si la vida media de
la reaccién es mayor que 10% afios, un detector como el que hemos
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comenzado a desarrollar en NEXT, libre del ruido de fondo causado
por las radiaciones espureas, podria ser la iinica manera realista de
descubrir esta desintegracion.

Para llevar a cabo la captura del ién Ba®" estamos explorando la
viabilidad de hacerlo utilizando moléculas organicas, quimio-sensores,
fluorescentes. El uso de esta técnica en el campo de fisica de particulas
es completamente novedoso y requiere desarrollar sensores capaces
de trabajar en entornos extremadamente secos, como es el interior de una
camara de xenon gaseoso a alta presion. El principal objetivo de esta
tesis es demostrar, a nivel atémico y en entorno seco, la interaccién
entre moléculas fluorescentes inmobilizadas en una superficie e iones
de Ba. Este trabajo es esencial como primer paso en la fabricacién de
un sensor de bario con la mayor sensibilidad posible. El trabajo de esta
tesis ha tenido lugar con el apoyo del proyecto ERC-Synergy "BOLD".

Los quimio-sensores son dispositivos o sistemas disefiados para de-
tectar y responder a la presencia de compuestos quimicos especificos
(moléculas, &tomos, iones...) en su entorno. Estos sensores aprovechan
las interacciones quimicas entre el compuesto o elemento objetivo y
una molécula receptora para generar una sefial detectable. La detec-
cién puede basarse en cambios de color, fluorescencia, conductividad
eléctrica u otras propiedades fisicas y quimicas. En el caso particular
del detector que se explora en esta tesis, la sefial de fluorescencia es
la que se quiere utilizar para detectar los iones especificos mediante
moléculas inmobilizadas sobre una superficie. El enlace que se pro-
duce entre estas moléculas y el ién produce cambios en la intensidad,
la longitud de onda o la vida media de la emisién fluorescente. Al
detectar estos cambios se puede cuantificar la concentraciéon del ién
en la muestra. Este tipo de dispositivos tienen distintas ventajas como
una alta sensibilidad y facilidad de uso. Ademas, se pueden disefiar
para ser muy selectivas al i6n de interés y para funcionar en entornos
particulares.

El sensor para NEXT consta de tres elementos principales: el sus-
trato, el fluoréforo y el sistema de deteccion. En esta tesis se discuten
los tres, no s6lo como componentes aislados, sino como combinacién.
Primero describo tres familias de moléculas fluorescentes que podrian
utilizarse para fabricar este sensor. Aunque dentro de la colaboracion
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se estdn explorando tres tipos de sonsores, las moléculas con las que
mads se ha trabajado durante esta tesis son los Indicadores Fluores-
centes Bicolores (FBI por sus siglas en inglés). Estas moléculas han
sido disefiadas y sintetizadas especificamente para la aplicacion de de-
teccién de Ba*". El mecanismo de deteccién con se basa en el cambio
de color de emision que se produce cuando la molécula se enlaza con
el i6n (quelacion).

La fabricacion del sensor requiere inmobilizar las moléculas en
una superficie. Esto supuso que, como parte de la tesis, trabajdsemos
en la optimizacién de un sistema de Inyeccién Atémica de Liquidos
(ALL por sus siglas en inglés), la cual permite introducir disoluciones
liquidas en una entorno de vacio sin romperlo. De esta manera se
pueden depositar moléculas grandes o fragiles en vacio sin comprom-
eter su integridad.

Mas alld del método de funcionalizacién de las superficies, lo
crucial en esta etapa inicial del proyecto, era conseguir que dicha
superficie funcionalizada preserve la propiedad fluorescente de la
molécula en disolucién. Ello implica demostrar que las moléculas,
una vez inmobilizadas y en condiciones de ausencia de disolvente,
son capaces de capturar el ion de bario. Para conseguirlo, las técnicas
de caracterizacion de fisica de superficies con precisién atémica han
sido claves. Usando estas técnicas, demostramos que las moléculas
FBI pueden atrapar Ba*" en condiciones de Ultra Alto Vacio. Se trata
de un resultado crucial, porque demuestra que estas moléculas son
compatibles con una atmoésfera seca como la de NEXT. Ademés, es-
tablece la base para continuar el desarrollo de un sensor de bario con
aplicaciones mas alld del campo de la fisica de neutrinos.

Ademéds de los prometedores resultados obtenidos con técnicas de
superficie, en esta tesis también se ha abordado el disefio inicial del
sistema de deteccion de la fluorescencia. Se trata de un sistema de mi-
croscopia y espectroscopia de emisioén, que sienta la base del aparato
final para utilizar en el experimento NEXT-BOLD. El microscopio se
encuentra en sus primeras fases, pero ya es capaz de medir el espec-
tro de emisién producido por una monocapa de distintas moléculas
fluorescentes. También nos ha permitido estimar la homogeneidad de
las muestras y detectar pequefios cambios en el espectro de emisién.



Estos resultados suponen un paso adelante para el desarrollo de un
sistema de deteccién basado en microscopia de fluorescencia con res-
olucién de moléculas individuales. Esta técnica se usa rutinariamente
para moléculas en disolucién, pero para moléculas inmobilizadas en
superficies no existen tantos estudios. Por tanto, el trabajo presentado
en esta tesis puede suponer un avance para entender propiedades
fundamentales de moléculas en superficies y para desarrollar nuevas
tecnologias y aplicaciones.

En global, esta tesis demuestra el potencial que tienen las colabora-
ciones interdisciplinares y el desarrollo de nuevas técnicas y sistemas
para avanzar nuestro conocimiento de las propiedades fundamentales
de la materia.
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Introduction

La dove natura finisce di produrre le sue spezie, quivi I'uomo
comincia con le cose naturali, con 'auditorio di essa natura, a
creare infinite spezie.

Leonardo da Vinci

Chemical sensors are miniaturized devices widely used to get in-
stant information on the presence of specific gases, atoms or ions even
in complex environments. They are commonly used in various fields,
including environmental monitoring, food quality control, medical
diagnostics, and industrial process control, among others. They work
by converting the chemical properties of a target analyte into a mea-
surable magnitude, such as an electrical or optical signal. Optical
chemical sensors employ optical transduction techniques [1]. Due to
the outstanding characteristics of both fluorescence and phosphores-
cence signals, they are widely applied to the construction of chemical
sensors where susceptible molecules are immobilized on a surface [2].

Fluorescence chemosensors work by exploiting the changes in
fluorescence properties of a molecule or probe upon binding to a
specific target ion or molecule. The binding event can lead to changes
in the intensity, wavelength, or lifetime of the fluorescence emission,
which can be measured and used to quantify the concentration of the
target (ion or molecule) in a sample. They have several advantages for
ion detection compared to traditional analytical techniques, such as
their high sensitivity, selectivity, and ease of use. Additionally, they
can be designed to be highly specific for a particular ion or molecule,
and can be tailored to work in specific environments or under specific
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conditions. They have been used for the detection metal ions, anions,
and cations, in both aqueous and non-aqueous environments.

Recently, fluorescence chemosensors have been proposed as po-
tentially unique tools in the field of neutrino particle physics [3-7]. If
neutrinos are their own antiparticles, the otherwise-forbidden nuclear
reaction known as neutrinoless double beta decay can occur [8]. The
rare neutrinoless double beta (OvBp) decay, (Z, A) — (Z+2,A)+2e,
can occur if and only if neutrinos are Majorana particles [9], e.g., iden-
tical to their antiparticles. An unambiguous observation of such decay
would have deep implications in particle physics and cosmology[10—
14]. If the Majorana nature of neutrinos is established, the Standard
Model could be extended to include the neutrino mass in a simple way.
Furthermore, if neutrinos are Majorana particles, we could explain
why we only observe matter in the universe. Equal amounts of matter
and antimatter must have been produced in the Big Bang, but the
neutrino may have tilted the balance in favor of the matter side.

However, despite the fact that complex experimental programs
have been conducted over more than fifty years, the extremely rare
reaction is still making its detection almost impossible. It has been pro-
posed that identifying ("tagging”) the Ba?* dication produced in the
double beta decay of 13Xe isotope in a high pressure gas experiment,
such as NEXT, could lead to a virtually background free experiment
[3]. Hence, the application of such chemosensors to the field of particle
physics is totally novel and requires experimental demonstration of
their suitability in the ultra-dry environment of a xenon gas chamber.
This is the final aim of the work we have started in this thesis.

In the context of the NEXT Experimental Collaboration and under
the umbrella of a Synergy Project, BOLD, this thesis has focused on
the demonstration, at atomic level, of the interaction of the molecules
with the Ba®" ions. This work is essential as a first step toward the
final fabrication of the Ba sensor with the highest possible sensitivity.

The requirement of extremely high sensitivity is mandatory due
to the rare nature of the Ovpp decay. Since the lifetime of this decay
is at least 10% years, only a few tens of events are expected to occur
in an experiment like NEXT, which is expected to deploy 1 tonne of
136Xe. Therefore, the capacity to capture and detect a single Ba*" ion is



crucial, as I explain in Chapter 2. The design of the sensor encompasses
three elements: the substrate, the fluorophore and the detection system.
These three elements are discussed in this thesis, not only as separated
components but in combination with one another. First, I introduce
different families of fluorescent molecules in chapter 3. The initial
works proposed commercial chemosensors for the trapping of Ba
ions [15, 16]. Since then, the research has evolved to the design and
synthesis of new functional and specific molecules for the Ba trapping
[6, 7], particularly the fluorescent bicolor indicators (FBI) molecular
family. A brief introduction to the properties of these molecules and
an initial proof-of-concept experiment are discussed in chapter 3.

To develop a final chemosensor for neutrino detection, it is nec-
essary to immobilize the molecules on a surface while maintaining
their ion sensitivity. This all must be done in the absence of any sol-
vent, because the detector will be installed in a high-pressure gas
xenon chamber. An atomically precise sensor fabrication is the best ap-
proach. This approach involves using atomic-scale growth techniques,
such as molecular sublimation, to fabricate sensors with well-defined
and uniform surface properties. This can lead to enhanced analyte-
sensor interactions and improved signal-to-noise ratios, resulting in
higher sensitivity and selectivity. Moreover, in order to prove that the
chemosensor is behaving as it should at atomic level, a combination of
highly surface sensitive techniques, such as X-ray photoemission spec-
troscopy (XPS) and scanning tunneling microscopy and spectroscopy
(STM/STS), is required.

Using this approach, we prove that FBIs can capture barium under
ultra-high vacuum conditions replicating the dry conditions of a real
experiment. We have performed this study not only for one but three
molecules on three different substrates. In chapter 7 I introduce the
initial design and assembly of a fluorescence microscope which will
be implemented in the final NEXT-BOLD detector. In this chapter
fluorescence microscopy experiments and some preliminary results are
discussed, with the aim of characterizing the photochemical properties
of FBIs. Finally, in chapter 8 I will list the next steps that will be carried
out in the context of the BOLD experiment and the main conclusions
from my research.
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La situacion es desesperada pero no grave.

Fernando P. Cossio

2.1 Majorana Neutrinos and the Missing Antimatter

Cosmological inflation models predict equal amounts of matter and
antimatter at the beginning of the universe, since any possible initial
asymmetry would be diluted by inflation [17]. However, we now
observe no traces of cosmological antimatter; the observable universe
today and all its structures —stars, galaxies, clusters— are made of
matter. This is the so-called baryon asymmetry and its origin is yet
unknown. All creation and annihilation operators preserve matter-
antimatter symmetry, since no particle can be created without creating
its antiparticle. The same is true for annihilation processes. However,
the fact that the universe contains matter and not antimatter means that
some mechanism favoured ever so slightly the side of the balance that
we call "matter”. This tenuous imbalance could have enabled other
reactions that prevented some portion of matter from eventually being
annihilated with its antimatter counterparts. The initial asymmetry
may have been tiny, as well as the surviving portion of matter, but
in the cosmic scale it would mean the whole universe as we know it
today.

Baryon asymmetry is quantified from observations of the Cosmic
Microwave Background (CMB) and Big Bang Nucleosynthesis (BBN)
[18]. Had the initial universe been perfectly symmetric, the baryons
and antibaryons would have annihilated into photons, leaving the
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current universe almost depleted of matter. The baryon asymmetry
implies that only ~ 10~ early baryons survived and did not annihilate
with their antimatter pairs into photons. Therefore, the asymmetry
between baryons and antibaryons must have developed in the early
universe through processes known as baryogenesis.

Leptogenesis is a family of baryogenesis theories which attribute the
initial asymmetry between matter and antimatter to neutrinos. The
nature of neutrinos is an open question in particle physics, and they are
the only fundamental particle that could break the matter-antimatter
symmetry. For this to be true, neutrinos would have to be their own
antiparticles, i.e. Majorana particles. If neutrinos are equivalently
matter and antimatter, they could be the responsible for the tilt in the
cosmic balance. However, both the neutrino’s nature and its mass are
still under investigation.

The neutrino was originally considered a massless particle in the
Standard Model (SM). However, different experiments have demon-
strated that neutrinos oscillate between flavours (v, v, and v¢) [19-
24], which implies that they at least two of them must be massive.
Therefore, the SM must be extended to include the mass of neutrinos.
Experimentally, the neutrino mass can be directly measured using
the B-decay, inverse B-decay [25-27] or double beta decays of some
isotopes. Important information on the neutrino mass can also come
from cosmological observations, since neutrinos must have had an
impact on the rate of expansion of the universe and the growth of
perturbations [28]. A combination of CMB data and Baryon Acoustic
Oscillations (BAO) measurements sets a limit of [29] }_m, < 0.23 at
95% confidence level (CL). This implies that mjgn, ~ ) m, /3 < 0.07 eV
in the quasi-degenerate regime of neutrino masses. This means that
there is at least 6 orders of magnitude of difference between the neu-
trino masses and the charged lepton and quark masses. Such differ-
ence suggests a different mass mechanism, and so there must be a
new fundamental mass scale in particle physics beyond the Standard
Model.
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2.2 Dirac vs. Majorana Neutrinos

An even more interesting question is how do neutrinos get their mass.
The SM considers only neutrinos with left-handed chirality vr, but if
neutrinos are massive, then right-handed neutrinos vr can also exist.
However, they are not observed experimentally. Then the question
is: where are they, and why do they exist? To answer these questions,
two kinds of neutrinos are considered: Dirac and Majorana neutrinos.
If neutrinos are Dirac particles, they can be distinguished from their
antineutrino counterparts. The mass term for Dirac neutrinos in the
SM Lagrangian is directly analogous to the mass term for quarks
and charged leptons: the neutrino fields couple to the Higgs field via
Yukawa coupling. However, the resulting neutrino Yukawa coupling
must be 6 orders of magnitude smaller than the electron Yukawa
coupling, which is seen as unsatisfactory in the community [30, 31].

If they turn out to be Majorana particles, the mass difference could
be naturally explained by the so-called see-saw mechanism [32-34]. This
would solve the problems of baryon asymmetry and the mass differ-
ence at the same time.

This solution that seems so appealing was introduced by Ettore
Majorana [8]. He proposed that the simplest way to describe a neutral
fermion was by imposing the condition

]/C ey 1/, (2.1)

where 1€ is the charge-conjugate of v. This condition implies that both
neutrino and antineutrino states are described with a single field. In
other words, the Majorana neutrino is identical to the antineutrino.

This theory in addition predicts the existence of two neutrino states
with inversely proportional masses. The relationship between a very
light and a very heavy neutrino inspires the name “see-saw”.

The only practical way to prove that neutrinos are Majorana par-
ticles is by detecting a neutrinoless double beta decay (0vBp). This
extremely elusive decay can only occur if neutrinos act as their own
antiparticle.
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Figure 2.1. Feynman diagrams for the (a) 2vpp and (b) OvBpB decay modes.

2.3 Double Beta Decays

The double beta (Bf) decay is a second-order weak process in which
a nucleus with Z protons decays into another with Z+2 protons and
the same mass number A (i.e. its isobar). The Feynman diagram of
the 2vBp decay modes in its simplest form is shown in Fig. 2.1a where
the two simultaneous B-decays are plotted. Maria Goeppert-Mayer
proposed the ordinary pp mode in 1935 [35]. This mode consists on
two simultaneous beta decays (2vpp):

(Z,A) = (Z+2,A) +2¢ +27, (2.2)

Geochemical evidence of this process was discovered in 1950 using
the isotope 130Te [36]. A direct observation of the process occurred in
1987, when a Time Projection Chamber (TPC) showed the 2v decay
of 82Se [37]. This discovery led the way for observations in several
other nuclides, such as 13¢Xe, with half-lives in the order of 1018 - 102!
years [38—40].

Since 2vBp lifetimes are so long, the single f-decays of most nu-
clides become an intense source of background for its detection. There-
fore, only when single B-decay is forbidden or highly suppressed does
2vBpB detection become feasible. There are 35 isotopes in nature which
fulfil this condition, 13Xe being one of them and the isotope used in
the NEXT experiment.

While the 2vBB decay is a very rare event, it is allowed in the
Standard Model. However, the neutrinoless mode OvBg (Feynman
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Energy of the two electrons for 136Xe (MeV)
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Figure 2.2. Conceptual spectra for the sum of the kinetic energies of the
two emitted electrons for the 2vBpB (blue) and the OvBp (red) modes. The
amplitudes are arbitrary. The energy position of the 0vBB (Qpp) is perfectly
defined by theory and is characteristic of each isotope. On the top scale the
energy for the case of 13*Xe is displayed. Inset: Zoom on region of interest
around Qgg showing the overlap of both populations due to finite detector
energy resolution.

diagram shown in Fig. 2.1b),
(Z,A) = (Z+2,A) +2¢7, (23)

would violate total lepton number conservation, and is therefore for-
bidden in the Standard Model. Wendell H. Furry proposed this mode
in 1939 [41] as a method to test the Majorana nature of neutrinos [8].
Therefore, it is a critical reaction to establish the nature of neutrinos
and the mechanism by which they get their mass.

In both decay modes the nuclear recoil is negligible, so the emitted
leptons carry almost all the available energy. Therefore, in the two-
neutrino mode (2vBp), the total energy is distributed between four
particles, so if we sum the kinetic energy of the two emitted electrons,
we obtain a continuous spectrum. On the other hand, in the neutrino-
less mode (0vpBp) all the energy goes to the two electrons, so the signal
is monochromatic and located exactly at Qgg, which is defined as the
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mass difference between the parent and daughter nuclides:

A scheme of these two distributions is shown in figure 2.2. These
distributions show that OvBp can be identified by measuring the energy of
the two electrons. It is worth noting that the relative intensities between
the 2vBp and OvBp distributions in Fig. 2.2 are not necessarily at scale.
Since the lifetime of 2v4p is around 10'? — 10%! years and that of 0v g is
at least over 10?° years (and expected to be around 10%” — 10 years),
the expected number of counts for the 2vp mode in a particular
experiment is severals orders of magnitude larger than that of the
OvBp mode. Furthermore, depending on the energy resolution of the
detector, its high energy tail would overlap more or less with that of
the OvB mode. Therefore, an excellent energy resolution is crucial
for any experiment attempting to detect OvBp decays to distinguish it
from the 2vB mode.

The amplitude of a OvBp decay (fig. 2.1a) would be proportional to
the effective neutrino Majorana mass, mgg = Yo U%-m; ’, where U2
are elements of the flavour mixing matrix and m; are the three light

neutrino masses. In practice, what this means is that the lifetime of the
OvBp decay is inversely proportional to m% g [42]:

2
(19%,) " <mﬁﬂ> . 2.5)

e

This implies that the sensitivity to the effective mass will depend
on the inverse square root of the exposure, t: S(mgg) o t/2. However,
this relationship only holds for a detector with zero background. If
any background is present in the measurement, it must be subtracted,
which adds an uncertainty of \/E, where b is the number of background
counts in the region of interest. Then, the sensitivity to the effective
mass depends on the inverse fourth root of the exposure: S(mpg) t1/4,
If the decay half-life is longer than 10?® years, the sensitivity to the
effective mass would be too small to be reached in practice. This
reinforces the relevance of background discrimination capabilities in
future decays.
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A measurement of the OvBB-rate would yield the value of the
effective Majorana mass mgg, which in turn would provide direct in-
formation on the absolute neutrino mass scale. On the other hand, if a
given experiment does not observe the Ov process, they can place an
upper bound on the effective Majorana mass m Bp- Currently, the most
stringent bound on mgg was set by the KamLAND-Zen experiment
as mpgg < 65 meV. The aim of next-generation, ton-scale experiments
is to reach the range of mgg < 10 meV. However, the value may be
in the range of mgg ~ 1 meV or even less. Notice that the smaller
the effective neutrino mass, the fainter the OvBp signal. Therefore,
building ton-scale detectors may not be enough to ascertain the nature
of neutrinos. If the effective neutrino mass is in the range of 1 meV, the
experiments will need to run free of background to detect the OvBp
signal in a reasonable timescale (around 10 years of livetime).

The search for neutrinoless double beta decay is a very active field
in particle physics, with constant upgrades and improvements. The
goal of next generation experiments is to cover the inverted neutrino
mass ordering. Several international collaborations are trying to detect
OvBp decay, all of them using different approaches to exploit some
properties of the target isotope. Some materials act as source and
detector, like germanium, which contains the fB-emitting isotope "°Ge.
The GERDA and Majorana experiments have used germanium crystals
as target material. Other experiments like SNO+ use liquid scintillators
loaded with tellurium, containing a f-source *Te. Tellurium oxide
is also used as a crystal bolometer, as the case of CUORE. Lastly, xenon
is widely used in Ovpp searches, for several reasons: as a gas it can be
enriched in its BB-isotope 13Xe; it can be diluted in liquid scintillators
(KamLAND-Zen), or used directly as both source and detector by
exploiting its scintillation properties; and it can be deployed in liquid
(EXO) and gas phase (NEXT). Using liquid xenon allows to amass
more material in a smaller volume, but the intrinsic energy resolution
is worse than in gas phase. The NEXT detector provides the main
context for this thesis, so it will be described in detail in the following
section.
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2.4 The NEXT experiment

The Neutrino Experiment with a Xenon TPC (NEXT) is an experiment
dedicated to OvS decay searches and located at the Laboratorio Sub-
terrdneo de Canfranc (LSC), under the Spanish Pyrenees [43]. NEXT
is an international collaboration led by Spanish and US groups. Cur-
rently, more than 100 people —-from more than 20 institutions— are
involved in the experiment.

The goal of the experiment is to search for neutrinoless double
beta decay of **Xe using a high pressure xenon gas Time Projection
Chamber (TPC) as detector. Gaseous xenon offers some appealing
advantages such as scalability, excellent energy resolution and topo-
logical signature for background discrimination. When excited by an
incoming particle, noble gases emit scintillation photons proportion-
ally to the deposited energy, thereby enabling its measurement. Xenon
is used in TPCs for Ov BB decay searches, as the isotope 136 has a natu-
ral abundance of 9% and it can be enriched by centrifugation. Other
advantages are the absence of other long-lived radioactive isotopes
and its high Qgg (2458 keV), at which point most natural radioactive
background is suppressed. The two-neutrino mode of **Xe is rela-
tively slow, with Tf72(136Xe) = 2.2 x 10% yr [22, 44, 45]. Furthermore,
in gaseous phase, xenon can provide energy resolution better than
0.5% FWHM at the Qpg of 136X e[46], which is a crucial requirement for
an experiment to distinguish the OvBB mode from the 2v mode.

The working principle of the NEXT TPC is illustrated in figure
2.3. The gaseous xenon is contained in a cylindrical pressure vessel
and its internal walls are covered with PTFE, which acts as a reflector
to improve the light collection efficiency. The radiation traversing
the vessel ionise the medium leaving free electrons and ions along
its trajectory. This first excitation signal is detected by the Photo
Multiplier Tubes (PMTs) and sets the start-of-event prompt. A uniform
electric field drifts the electrons toward the electroluminescence (EL)
amplification region. There, the EL light emitted forward is read by the
tracking plane, composed of Silicon Photomultipliers (5iPMs) with 2D
spatial segmentation. The backward-emitted light is detected by the
PMTs on the opposite plane. The signal recorded by the PMTs is used
to reconstruct the energy of the event. In parallel, the SiPMs record the
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Figure 2.3. Working principle of the TPC in NEXT. (Top): The ionising radia-
tion produces a first scintillation signal (S1), which is detected by the PMTs in
the energy plane. This event sets the start-of-event ¢ for the reconstruction
of the position in longitudinal axis. Then the electric field drifts the ionised
electrons toward the EL region. (Bottom): The secondary scintillation (52)
generated at the EL region is measured by the tracking plane of SiPMs placed
behind the anode. This light is also detected by the PMTs placed behind the
transparent cathode for precise energy measurement.
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amplitude and transverse position of the ionisation electrons, while
the longitudinal coordinate is calculated from the arrival time of the
signals with respect to the start-of-event ty. Therefore, the TPC provides
a measurement of the energy deposition pattern (dE/dx) and a full
three-dimensional reconstruction of the trajectory of a charged particle.
The latter is known as topological signal and is used to distinguish
signal from BB decays (two-electron tracks) from background (single-
electron tracks). Some examples of topological signal of single and
double electron tracks can be seen in figure 2.4. A well-resolved
topological signature has another use beyond background rejection:
the barycentre of the double-electron track sets the X-Y position of
the decay origin where the Ba>" ion is expected to be found on the
cathode. Forecasting these coordinates can simplify significantly the
design of the Ba-tagging device.

a) b) o)
< -
.

Sl e) f

| —

-
- -
-

Figure 2.4. Topological signal in NEXT. (a-c) Examples of two-electron events
in the X-Y (a) and X-Z (b), and in 3-D projections. (d-f) Examples of a single-
electron track in the X-Z (e), Y-Z (e) and in 3-D projections.

The project has spanned for more than 10 years and is planned to
continue for over 10 or 15 more. An overview of the NEXT program
and its phases can be seen in Fig. 2.5. The first phase of the project
(2009-2014) consisted in constructing, commissioning and operating
two prototypes for R&D: NEXT-DBDM and NEXT-DEMO, with iso-
tope masses around 1 kg. During the second phase, from October 2016
until July 2021, the collaboration operated NEXT-White (NEW) at LSC.
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/ Prototypes \/ NEXT-White \/ NEXT-100 \/ NEXT-HD \

2010-2014 2015-2021 2022-2026 20272
Demonstration of detector concept model double beta decay search | | Neutrinoless double beta decay search
in 136Xe through inverted neutrino mass ordering

NEXT-BOLD

Barium tagging for background-free
experiment

2vpp measurement for 136Xe

2009 2014 2015 2021 2022 2026 2027

Figure 2.5. Summary of the NEXT program and its phases.

NEXT-White is a medium size detector containing 5 kg of xenon
and its main physics goal is to measure the 2vfB-decay half-life of
136Xe. A 2vpBp half-life of T, = 2.34(1%(_)46(stat)(i%(.)w(sys) x 102! yr
was measured [47]. This result is consistent with the two previous
measurements in Refs. [44] and [22]. This was achieved by comparing
two sets of data: one with the detector filled with xenon enriched
in 13Xe and the other depleted of 13°Xe. The resulting 2vBB energy
spectrum is shown in figure 2.6. The 1**Xe-depleted data was also used
to understand the different sources of background. The background
model included 4 isotopes (®0Co, 4K, 214Bi and 2°8T1), which come
from natural radioactivity since traces of thorium and uranium are
present in most detector components. The only way to minimize
this backgrounds is to carefully select radioupure materials [48-50].
Knowing the (trace) amount and types of potential contaminants in
the volume is crucial in the design of a Ba tagging device. When
characterizing the selectivity of the sensor, special attention must be
given to the presence of these trace contaminants.

NEXT-100 constitutes the third phase of the program. Currently
under construction, this detector is essentially a 2:1 scaled-up version
of NEXT-White, with a total isotope mass of 97 kg at 15 bar and aims to
measure the OvBB-decay of 136Xe. NEXT-100 intends to accumulate an
exposure of 500 kg yr, thereby reaching a sensitivity of 10°® yr in T{,.
It will also serve as a large-scale demonstrator of the NEXT technology
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Figure 2.6. Left: Background-subtraction 2v 3 fit. The best-fit Monte Carlo
(yellow histogram) is superimposed to the data (black dots) with error bars
corresponding to the statistical errors. Right: Background-model-dependent
2vBp fit. Run V with enriched xenon corresponds to the top spectrum and
run IV with depleted xenon correspond to the bottom spectrum. In both
cases the event rates (black dots) are superimposed to the best-fit Monte
Carlo, accounting for 60Co, 49K, 214Bj and 20871 background contributions.
Taken from [47].

for detector masses in the ton-scale.

Scanning the whole inverted ordering parameter space will require
tonne-scale scale detectors sensitive to Ovp half-lives above 10% years.
Therefore, the fourth phase of the program scales up the detector to
the tonne scale, and it is programmed to start in 2029. It will consist
of two substages: first, the NEXT-HD detector will deploy about 5
times the mass of NEXT-100 while reducing the background by at
least one order of magnitude with minimal changes. In a second
step, the NEXT-BOLD detector will implement Ba*"-tagging based on
Single Molecule Fluorescence Imaging (SMFI). Barium tagging could
provide a handle for NEXT to reach the background-free regime, as no
radioactive reaction produces barium in that environment. In that case,
the only signal that would mimic the Ovpp signal is the 2v 3 reaction.
Assuming 100% barium tagging efficiency and an energy resolution
lower than 2%, the signal efficiency in NEXT would increase from 27%
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to 56%. Furthermore, a global background rejection factor of 10~ for
the 2vBB-mode signal could be attainable, and the background would
contribute with around 2 x 10™* counts after 10 years of exposure
[51]. This means a background-free experiment in practice. For 5
years of exposure, a sensitivity of 3.21 x 10%7 yr would be reached,
corresponding to an upper limit on the Majorana neutrino mass of 10-
20 meV. If the ordering of neutrino masses turns out to be normal (i.e.
my < my < mgz), then the effective neutrino mass might be around 1 meV.
In that case, barium tagging could be crucial for any **Xe-based 0vBp
experiment. Possible designs of NEXT-BOLD and implementation of
SMFI will be further discussed in the following section.

2.5 Designs of NEXT-BOLD detector implementation

In 2015 the scheme on how to collect the Ba ion in a HPXe EL TPC was
proposed by David Nygren [52]. The idea was to use a monolayer of
molecular sensors covering a dielectric surface. This sensor will be
mounted in the cathode plane. The key point here is that the position
of the ion arrival at the cathode can be anticipated by reconstructing
the locus of the BB-decay (the barycentre of the two electron track).
Since the electrons drift much faster than the ion, the S1 signal would
mark the start time £y of the event. If the measured energy of the event
were found in the region of interest of the OvBp spectrum, the barium
tagging device would be triggered to switch on. First, a gating grid
would be switched off for around 1 ms, letting the incoming ion pass
through and arrive to the cathode. The S2 signal would be detected
in the anode as well, yielding the topological signal and in particular
the barycentre of the track. The combination of a positive single Ba?*
signal in delayed coincidence with the two-electron signal would
eliminate potential accidental detection of other ions like Ra** or Sr?*.
The scanner system consists of a laser that illuminates the monolayer
and a camera or PMT that captures the fluorescence response.

Still today different solutions are being under consideration for
the final sensor implementation. One possibility is to cover the whole
cathode plane with the molecular receptor and then use a mobile
microscope objective to image the fluorophore at the position indicated
by the electron track barycenter. A second scheme is to fabricate a
small sensor of ~1 cm? that would be moved by a robotic arm to



18 Chapter 2. NEXT and the Nature of Massive Neutrinos

the expected position for the ion to arrive. Then, this small detector
returns to a fixed position for optical detection. These two designs are
illustrated in figure 2.7.

Alternatively, a third line involves drifting the ions to the cathode
and then guiding them transversely to a small ~1 mm? sensor by
RF carpets. The system is modularised and composed by several RF
carpet sub-units. A plane of ~2 m diameter would be fully covered
with seven 30 cm diameter RF carpets. Therefore, the ion must travel
15 cm to the centre of each sub unit. The ions would be focused in
these regions by field shaping electrodes. When the ion arrives, a
local field of less intensity is switched on in the sweep region. This
push field of ~20 V/cm is required for the stable operation of the RF
carpets. The switching of this gate would be activated by the expected
arrival time of the ion, with the S1 prompt setting the start time as
discussed above. The operation of RF carpets in xenon gas is feasible
at atmospheric pressure, as the breakdown voltage is much higher
than in helium [53]. Moreover, the mass of the ion is enhanced by the
formation of ion complex in xenon, so the RF transport is more stable
[54]. However, at high pressure the operation of RF carpets becomes
much more challenging. Transporting ions for at least 15 cm requires
voltages close to the breakdown threshold and micrometric pitches
of ~15 um for large areas. PCB manufacture can achieve down to
50 pum pitches, and even finer meshes have been manufactured for
CMOS production. However, producing RF carpets with fine pitches
and 30 cm diameter has not yet been realized and poses a remarkable
challenge.

Regardless of the final implementation design, the sensor will
require to functionalize a surface with fluorescent molecules capable
of trapping Ba®" ions with extremely high selectivity and efficiency.
This is precisely the objective of this thesis.
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Figure 2.7. Some designs of barium tagging implementation in NEXT without
RF carpets. a) The full cathode is covered with fluorophores and some parts
of the optical system (a microscope objective and an aligning mirror) move
along the plane. b) A small sensor moves along the plane, catches the ion
and returns to the position of the fixed optical detection system.
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3.1 Previous work toward barium tagging

Detecting the **Ba** daughter would provide a way to eliminate
all reducible background in a GXe TPC, like NEXT. This asset comes
with its due cost: the daunting challenge of identifying one single ion
produced in a volume containing a tonne of mother xenon atoms.

A 13%Ba* dication is produced in the OvBB decay, although often
in the proccess one or more electrons from the shell are ejected leaving
the barium in a double or higher state of ionisation [55]. The ion would
then strip electrons for recombination from the surrounding neutral
xenon atoms. However, the second ionisation potential of barium is
10 eV and the first ionisation potential of xenon is 12 eV, so the ion
would remain as a dication **Ba*" in xenon gas. Liquid xenon is
more dense so recombination is more likely to happen and lead to a
distribution over charge states [56].

M. K. Moe was the first to propose in 1991 barium tagging for
background rejection in Ov BB searches [57]. Based on his idea, Danilov
et al. envisioned a detection method to implement in a gaseous xenon
TPC [58]. The monocation Ba™ is fluorescent: an electron can be excited
from its ground state 625, /2 to 6°P; /2 by absorbing a 493 nm blue-green
photon. A red fluorescence photon is emitted at 650 nm as the electron
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relaxes into the metastable 5*Dj , state. The ion would be excited by
a laser and its fluorescence detected in-flight, as its drift velocity in
high-pressure gas xenon is small. However, the metastable D-state
quenches in high-pressure gas or liquid, preventing the spectroscopic
features. Furthermore, recombination in the gas phase is minimal (~
1.5% [59]) so a transfer gas like TMA ((CH3)3N) or TEA ((C2Hs)3N)
would be needed to neutralize Ba>* into Ba™ [60]. Unfortunately, these
gasses quench the scintillation signal S1, preventing reconstruction of
the longitudinal position. Lastly, detection in-flight of the fluorescence
was assumed to take place where the Ov 3 decay occurs, but accurately
finding this position and steering the excitation lasers toward that
point would be a formidable challenge.

Another possibility in liquid xenon is to freeze the Ba™ ion on a cry-
oprobe and perform the laser spectroscopy on it [61, 62]. This method
was used for detection of single barium atoms [63]. However, it has
not been demonstrated to remove atoms from an active experiment.

Single Molecule Fluorescence Imaging (SMFI) was proposed by
Dave Nygren in 2015 [52] as a new in-situ Ba*"-detection technique
for barium in a high-pressure xenon gas TPC. Detection of single
molecules requires a high signal-to-noise ratio (SNR) and a reduced
illumination volume. This can be done either by selecting the emission
from the molecules on the focal plane by confocal microscopy or by
selectively exciting molecules on the focal plane by Total-Internal
Reflection Fluorescence (TIRF) microscopy. Repeated interrogation
of the field of view can provide a precise localisation of the molecule
of interest below the Abbe diffraction limit, to the level of a few nm?.

This is the method that was proposed to use in the NEXT experiment.

For the practical application of this procedure in NEXT, the molec-
ular sensor has to be immobilized on a surface in a monolayer regime.
Moreover, the molecular indicator has to preserve their binding prop-
erties once immobilized on the surface. This requires being able to
form a complex with the Ba ion in the absence of any solvent. Last
but not least, the photochemical properties can not be quenched or at-
tenuated due to the substrate where they are physically or chemically
bonded.
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3.2 Molecular sensors for Ba trapping

SMFI can be applied to characterise luminescent ion-indicator molecules.
The response of these molecules depends on whether they have cap-
tured a specific ion or not. Several molecules have been designed in
the field of supramolecular chemistry to turn on their fluorescence by
binding with specific ions. This binding, also called chelation, consti-
tutes the capture of the ion. Chelation takes place when the molecule
or a specific moiety of it forms a coordinated bond with the ion. The
photochemical properties of the molecule-ion coordinated complex
are different from those of the free species. Three main photochemical
properties of the molecule may change upon chelation: the emission
intensity, the wavelength and the relaxation time.

The first molecule proposed in the context of NEXT experiment for
the detection of Ba was Fluo-3, a commercially available fluorophore
that becomes 60-100 times more fluorescent upon chelation with di-
cations. It is a well known fluorophore in neurology, since it works
as a neurotransmitter channel. Detection of single Ca®" ions has been
demonstrated in aqueous environments [63] and inside living cells
[64]. Since Ca’" and Ba" are alkaline elements, similar effects for
both ions were expected when forming supramolecular complexes.
However, the maximum achieved upon chelation with Ba’" was at
best 17.4 times more intense than the unchelated species [15, 65]. This
value is well below the requirement for NEXT detection (estimated to
be at least 10° brighter than the free molecule).

Fluo-3 only exploits one of the three main photochemical proper-
ties of the molecule that may change upon chelation: the emission
intensity. However, two other properties can be used to distinguish
chelated from unchelated molecules: the emission wavelength and the
relaxation time. There is an intense program in the NEXT collaboration
to design molecules which exploit one or more of the aforementioned
properties to detect the Baions. A scheme of the molecules under study
is sketched in figure 3.1, as well as the possible detection mechanisms
according to the variation of these properties.

On the left panel (Fig. 3.1a, a napthalimide derivative acts as
an off-on indicator or fluorescent monocolor indicator [7]. In these
hydrocarbon or heterocyclic scaffolds, an electron-donating group
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Figure 3.1. Design of a family of molecular indicators. a) Model of a napthal-
imide derivative and its use as fluorescent monocolor indicator. b) Compo-
nents of an FBI analogue, showing the coupling-decoupling between the
fluorophore and the metal-binding group. c) Model of a Phosphorescent Bi-
color Indicator (PBI) and the temporal response of the free (PBI) and chelated
molecule (PBI-Ba?*") (lower right panel). The respective emission spectra are
also shown (lower left panel). The blue and green lines in the graphs repre-
sent the emission spectra in chelated and unchelated indicators, respectively.
In c) the free and chelated species are represented in green and red, which
correspond to the peak of each emission. The different behavior of the two
types of fluorescent indicator is shown: in a monocolor indicator, the increase
in emission intensity after cation complexation (AI) is produced at the same
wavelength as the unchelated fluorophore (AA = 0), whereas in the case of
an FBI, the difference Al is produced at a different wavelength (AA # 0). The
possible participation of nitrogen heteroatoms and the rotation of one aryl
group are also highlighted. The bicolor behavior is also present for PBI. The
relaxation time of chelated PBI is much longer than that of unchelated PBI.

close to the fluorophore (for instance, an amino group of the aza-
crown ether) can promote a photoinduced electron transfer (PET)
that quenches the fluorescence in the absence of a binding cation. By
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contrast, sensor—cation complexation results in an off-on enhancement
of the photoemission intensity (Al # 0) [66] with AA =~ 0.

Figure 3.1b illustrates the Fluorescent Bicolor Indicators (FBI) and
their change in emission upon binding to Ba®" ions. A convenient way
to generate this kind of sensor consists of generating an intramolecular
photo-induced charge transfer (ICT) by modifying the interaction of
an electron-donating group with the rest of the fluorophore [67]. Upon
coordination with the cation, the change in the dipole moment of the
supramolecular entity can generate a Stokes shift. The design and
chemical synthesis of efficient FBIs with large enough emission shift
values still constitutes an important challenge.

Another handle to distinguish the signal of chelated from non-
chelated molecules is the relaxation time of the light emission. An
example of such molecule is shown in Figure 3.1c). Chelation with
Ba*" induces changes in the molecule so that its emission becomes
long-lived (phosphorescent). At the same time, color shift can also
be induced by chelation, as the case of FBIs. The color spectrum and
time response graph are shown in the lower panel. These molecules
will be further discussed in chapter 7, whereas we will focus on FBIs
for the rest of this thesis. These Phosphorescent Bicolor Indicators
(PBI) were synthesized by the group of Prof. Zoraida Freixa from the
Department of Applied Chemistry, Faculty of Chemistry in UPV/EHU.
More details on the design and synthesis of PBIs can be found in [68].

3.3 Fluorescence Bicolor Indicator, FBI

The characterization of all the FBI molecules along this thesis resulted
in the collaboration with the group of Prof. Fernando P. Cossio, from
the Department of Organic Chemistry I, University of the Basque
Country (UPV/EHU). The synthesis of these compounds is thoroughly
reviewed in [69]. This doctoral thesis provides a comprehensive
overview of the various methods used to synthesize and characterize
the sensors, including recent developments and challenges.

The molecular design and synthesis were carried out with three
mandatory requirements that the indicators should fulfill:

1. The chelating group binds the cation with a high binding con-
stant.
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2. The indicator response in a dry medium is preserved and prefer-
ably enhanced with respect to the response in solution.

3. The fluorophore exhibits a distinct response in the visible region
for the chelated and unchelated states (thus the term "bicolor
indicator”).

To that end, the synthesis of FBI compounds incorporates a custom-
designed fluorophore with two aromatic components, the fluorophore
(green or blue regions in Figure 3.1b) and the nitrogen-containing
crown ether group, connected by a free-rotating phenyl group. The
main fluorophore component consists of an aromatic polyheterocycle
[70-73] that can bind the Ba*" cation, thus modifying its electronic
structure and decoupling this moiety from the second aromatic com-
pound, which in turn can generate a 7-cation interaction [74]. The
expected shift in response to the coordination should provide a strong
signature of a bound indicator, exhibiting a blue shift over a back-
ground of unbound species.

3.3.1 Electronic structures

Electronic structure calculations, performed using DFT (calculations
performed by Prof. David Casanova and Dr. Claire Tonnelé and
explained in detail in Ref. [75]) confirm the strong binding affinity of
FBI to coordinate Ba?". The optimized FBI-Ba®" structure exhibits a
large molecular torsion of the binding group with respect to the free
FBI molecule (see the dihedral angle w in Fig. 3.2b) so that a molecular
cavity appears, with the metal cation forming a 7r-complex between
the Ba?" metallic centre and the phenyl group. The oxygen atoms
of the aza-crown ether occupy five coordination positions with O-Ba
contacts within the range of the sum of the van der Waals radii (2.8-3.0
A) [76]. Interestingly, the phenyl ring attached to the crown ether is
oriented towards the centre of the cavity coordinating Ba?* through
the rr-electrons. The frontier molecular orbitals of FBI are delocalized
over the entire fluorophore moiety, with virtually no participation of
the binding-group electrons (Fig. 3.2c).

The lowest bright state of the unbound FBI molecule can be mainly
characterized as the electronic transition between the highest occupied
molecular orbitals (HOMO) and the lowest unoccupied molecular
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Figure 3.2. Theoretical predictions. a,b DFI-derived gas-phase structures of
FBI (a) and FBIBa’" (b). Bond distances are given in A. Dihedral angles w
formed by covalently bonded atoms 14 are given in degrees and in absolute
values. ¢, Frontier molecular orbital energy diagram of FBI (left) and FBIBa>"
(right). Vertical arrows indicate the main contributions to the electronic
transition to the lowest bright state.

orbitals (LUMO). Molecular distortion upon metal coordination in
FBI-Ba’" has an important impact on the electronic structure. In par-
ticular, the torsion of the phenyl group allowing 7r-coordination breaks
the planarity with the rest of the fluorophore, modifying the HOMO
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Figure 3.3. Schematic design of new generations of FBI molecules FBI-G2, G3
and G4 starting from G1. The permutation of the nitrogen and carbon atom
in the benzo[a]imidazo[5,1,2-cd]indolizine results in FBI-G2. The addition of
an extra phenyl ring results in FBI-G3 . The combination of the two design
concepts results in FBI-G4. R, R” and R” denote possible positions to include
anchoring groups such as a carboxylic acid.

and LUMO energy levels. The decrease of the effective conjugation
with respect to FBI increases the symmetry allowed m — 7* gap,
thus resulting in the blue shift of the fluorescent emission (Fig. 3.2c).
Therefore, these results support the viability of FBI as an efficient Ba*"
indicator in both wet and dry conditions.

3.3.2  Generations of FBI molecules

After the results obtained for the FBI molecule shown in figure 3.2,
different generations of molecules were proposed and synthesized.
The objective was to maximize the affinity for Ba*"-chelation and the
color shift thus induced. Fig. 3.3 illustrates some of the modifica-
tions introduced in the FBI molecules, from now FBI-G1, to obtain
the next generations of bicolor sensors. The first modification is a
permutation between the nitrogen atom and the carbon atom in the
benzoimidazoindolizine moiety on which the phenyl ring is bonded
(figure 3.3b). This permutation preserves the capacity of the struc-
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Figure 3.4. Fluorescence spectra of FBI-G1, G2, G3 and G4, both free (dashed
lines) and coordinated with Ba?* (solid lines). The positions of the maxima
is indicated in every spectrum with a red dot. All spectra were recorded for
acetonitrile solutions with a concentration 10~ M. For the Ba*"-chelated
species 1 equivalent by mass of Ba(ClO,),was used. Images of the different
species in solution are included and show the emission color under a UV
torch.

ture to undergo torsion when the barium is chelated (see section 3.3.1,
figure 3.2). Therefore, the fluorophore moiety of FBI-G1, becomes
benzo[a]imidazo[2,1,5-cd]indolizine and the phenyl ring stays bonded
to the carbon atom for FBI-G2 (figure 3.3c). In addition, the struc-
ture of FBI-G2 facilitates the inclusion of anchoring groups (R, R” and
R” in figure 3.3c) with respect to the synthesis of FBI-G1. Adding a
functional group such as a carboxylic acid would allow to anchor the
molecule to a surface by forming covalent bonds (peptide bond) with
hydroxy groups on the surface. The design and synthesis of FBI-G2 is
further detailed in [69].

The second idea to extend the FBI family is to add another phenyl
ring between the benzoimidazoindolizine and the crown-ether (figure
3.3d). This results in FBI-G3 (figure 3.3e). The new ring would add
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extra degrees of freedom, i.e. the molecular structure can undergo
more torsion and /or more bending upon capture of the ion. The Ba®"
ion interacted with the nitrogen atom in the benzoimidazoindolizine
group in FBI-G1 (and G2). By contrast, the extra phenyl ring in FBI-G3
increases the distance between the crown-ether and the benzoimida-
zoindolizine, so this interaction with the nitrogen atom is not expected
to take place. However, the phenyl group itself does interact with
the ion, via 71-complex, so the extra recognition point is preserved for
FBI-G3. Furthermore, the new phenyl ring allows to include different
alternatives for functional groups in the X, Y and Z positions which
could enhance the interaction with the ion. The design and synthesis
of FBI-G3 is thoroughly reviewed in the doctoral thesis [68].

By combining the two design concepts described above for FBI-
G2 and G3, a fourth generation can be synthesized: FBI-G4 (figure
3.3f). This molecule uses the scaffold of FBI-G2 with the permutated
nitrogen and carbon atoms (benzo[a]imidazo[2,1,5-cd]indolizine) and
the extra phenyl ring of FBI-G3. Therefore, FBI-G4 was expected to
perform the best, as it combines the best of both worlds. However,
this was not the case. The photophysical characterization of these
compounds in solution favoured G2 over the rest, and FBI-G4 turned
out to perform the worst of them. The results of the photophysical
characterization are gathered in Figure 3.4. The maximum shift was
achieved for FBI-G3: AA = 164 nm. However, the regions of free and
chelated emission overlap for FBI-G3, so it would yield a poor signal-
to-noise ratio in the final application for single-Ba detection. FBI-G2
performed well with AA =70 nm, and the region around A = 552 nm
has no contribution from the free FBI-G2 emission, so this molecule
was later favored over the rest from its photochemical properties.

3.3.3  Barium selectivity

During the design process special attention was given to the selectivity
for barium capture over other cation species as a crucial property of
the candidate chemosensor. In order to assess this selectivity, FBI-
G1 molecules were chelated with other elements. Fig. 3.5 shows
the fluorescence spectra of FBI-G1 before and after chelation with all
the alkaline earth dications. To this end, solutions (5 x 107> M) of
FBI-G1 where prepared and mixed with Ca(OH),, K(ClOy), Na(ClOy),
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Figure 3.5. Interaction of FBI-G1 with other elements (1:1 equiv.). a-e, Fluo-
rescence spectra of unchelated (Blue lines) FBI-G1 and chelated (cyan lines)
with Na* (a), K* (b), Mg?* (c), Ca®* (d) and Sr** (e).

Mg(ClOy),, Sr(ClO4), and Ba(ClOy4), with CH3CN as the solvent. The
indicator does not present substantial changes to the emission wave-
length in the presence of light alkaline earth dications. Only in the
presence of Sr*", FBI-G1 exhibited an emission spectrum similar to
that observed for Ba*". These results show that although FBI-G1 is
able to chelate all dications, only the heaviest of them (Sr?>* and Ba’")
induce a blue shift. This is very relevant for the selectivity in the final
application.

3.4 Surface Anchoring

An important development in molecular design was the addition of
a moiety capable of anchoring to a suitable substrate. This is crucial
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for the development of the microscope, because it must be adapted to
fluorescence detection from a field as narrow as a monolayer. There-
fore, the anchoring procedure must be controlled to assure that the
fluorophores will remain covalently bonded on the surface for its
detection.

The final Ba-tagging device will require a monolayer highly or-
dered and possibly densely pack to maximize the probability of captur-
ing the incoming Ba®" ion. Self-assembled monolayers (SAM) can pro-
vide such an orderly packing of the surface. Anchoring the molecule
in a "standing position” (i.e. bonded by the fluorophore and with the
crown ether heading outwards) can prevent it from interacting with
the surface. These interactions may be weak, but can jeopardize the
structure rearrangement that the molecule needs to undergo in order
for its fluorescence emission to shift. In addition, by controlling the
mechanism of anchoring to the surface we can tune the packing in
order to optimize the chelation efficiency. This could also allow us to
design the structure of the layer at will by nanopatterning procedures
[77].

The choice of substrate is crucial, since the composition of its sur-
face will determine the sort of covalent anchoring that we can produce.
Two basic requirements for substrates are presenting a highly uni-
form and smooth surface and high optical transparency. The latter
requirement can be circumvented if the optical detection is achieved in
reflection in the final device. However, it is convenient to have a trans-
parent substrate suitable for transmission microscopy for the R&D
stages. In any case, even if the material is not transparent, it must not
introduce any fluorescent background at the excitation wavelengths of
the molecule. Lastly, the substrate must be an insulator or a semicon-
ductor because highly conducting materials quench the fluorescence
signal due to the imaginary part of the refractive index n [80, 81]. If
this imaginary part of n is close to zero, the signal is not completely
extinguished and could be compensated for with higher excitation
power. A slightly conducting surface entails an extra advantage: it
can be biased positively to repel incoming positively-charged contam-
inants and negatively to attract the Ba®" ion when it is expected to
arrive.
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Figure 3.6. Scheme of the immobilization process for FBI-G2 on quartz or
ITO. a) The molecule FBI-G2 is adapted to surface linking by synthesizing
it with an amide as functional group (top) which reacts with the amine
group of the linker APS molecule by aminolysis. The resulting molecule
keeps the fluorophore and Ba*"-coordinating groups of FBI-G2 and can bond
covalently to a hydroxylated surface via the linker group APS. b) Anchoring
the FBI-G2-silatrane molecule to a hydroxylated surface such as quartz or
ITO. The reaction of the silatrane group with the surface is well known [78,
79]. The byproduct N(OH)3 can be cleaned off with water.

Taking the considerations mentioned above, two promising sub-
strates are quartz and Indium Tin Oxide (ITO). Quartz is an insulating,
highly flat substrate with excellent optical transmission (290%). It
can be manufactured industrially (fused silica), although in this case
the material does not present any crystalline structure. ITO is a trans-
parent conducting oxide widely used in polymer-based electronics,
photovoltaics and as coating for displays (LCDs, OLED, etc.) among
other applications. Thin ITO films can be deposited by physical vapor
deposition on top of surfaces like quartz, preserving its smoothness.
The imaginary part of its refractive index is three orders of magnitude
below that of metals and semiconductors [81]. Therefore, a thin layer
of ITO (~ 10-20 nm) is expected to quench mildly the fluorescence of
an emitter located at distances of 1-10 nm from the surface. As men-
tioned above, this reduction of the quantum yield can be compensated
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with high excitation power.

The composition of quartz and ITO are SiO, and In;O3-SnO, re-
spectively. ITO is a solid solution of indium (III) oxide and tin (IV)
oxide, so their relative proportion varies; a typical composition is 55%
O, 41% In and 4% Sn. Both quartz and SiO, are metal oxide so their
surfaces present hydroxy groups (OH) as spontaneous defects. The
abundance of these groups can also be enhanced by plasma oxidation
[82, 83]. This type of functional group can be used to form covalent
bonds with silane molecules, which in turn bind with each other in a
process known as silanization.

As the time of writing, the most promising approach to anchor
FBI molecules to quartz or ITO is through silanization with 1-(3-
aminopropyl)-silatrane (APS) as shown in Figure 3.6. FBI molecules
(in this case FBI-G2) must be decorated accordingly for this purpose
by adding an ester group to the fluorophore (Fig. 3.6a, top). This
molecule decorated with the silatrane group will be referred to as
FBI-G2SL. This way, the APS can react with the ester via aminolysis
and form a compound suitable for surface immobilization (Fig. 3.6a
bottom). The anchoring to the surface is carried out by silanization
(Fig. 3.6b). Initially, the reverse procedure was attempted, i.e. first
covering the substrate with APS via silanization and then anchoring
FBI-G2 on the APS-functionalized surface via aminolysis. However,
this yielded worse results in terms of surface homogeneity and a high
concentration of unreacted molecules was found after extracting the
substrate.

Being able to anchor FBI molecules on a surface takes the sensor to
a further step, as a monolayer with a controlled density of covalently
bonded molecules can potentially be produced. Chelation efficiency
can be studied as a variable of coverage, packing and type of bond.
The substrate cleaning and immobilization procedure must be opti-
mized in order to mitigate potential backgrounds from contamination
or alteration of the substrate properties. The optical properties of the
substrate and indicator-functionalized surface must be characterized
to assess the overall efficiency of the sensor. A dedicated optical mi-
croscopy setup was assembled for this purpose and will be discussed
in chapter 7.
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Adapting the synthesis of FBIs to include the functional group
with which to anchor them to surfaces required extensive research.
The early stages of this research can be found in [69].

3.5 Fluorescence Single Molecule Detection in NEXT-BOLD

As a a proof-of-concept for individual Ba®* ion detection, a collaborat-
ing group in NEXT used the well-established method of photobleach-
ing [65]. They studied samples of Fluo-3 immobilised in polyvinyl
alcohol (PVA) saturated with barium perchlorate ((Ba(ClOy)2). The
samples were illuminated by through-objective total-internal reflection
(TIR), which allows to excite with an evanescent field typically less
than 100 nm in thickness.

Figure 3.7 shows a selection of results obtained by McDonald et
al. The top left panel shows an example of image obtained with the
EM-CCD and several bright spots. If the sample was homogeneous
the spots would correspond to a cluster of molecules. However, the
fluorescence trajectory shown in panel bottom left proves that a single
molecule undergoes photo-bleaching in this region. A discrete photo-
bleaching transition is the fingerprint o single molecule fluorescence
[84]. This transition consists in the extinction of the fluorescence light
emitted by a molecule, usually by interaction of the fluorophore with a
reactive oxygen species [85]. This sudden switch-off results in the step
in the intensity per pixel as visible in figure 3.7. The total scan time is
375 s (up to 250 s is shown in the figure), much longer than the typical
photobleaching time of Fluo-3 at this laser power [85]. This implies
that if more than one molecule were to undergo photobleaching during
this scanning time, several steps would be seen in the fluorescence
trajectory (as many as photobleaching molecules). Therefore, this
single step represents the detection of a single-molecule switch-off.
The right column of figure 3.7 shows a fixed region of the CCD camera
centered on a single-molecule candidate 0.5 s before (top) and after
(bottom) the photo-bleaching transition.

This proof of concept shows that TIRF microscopy can be used to
resolve SMFI of individual Ba®" ions with 12.9 ¢ statistical significance
above a background of free residual ions. However, the final sensor
must differ in a few ways to be implemented in NEXT. First, the
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Figure 3.7. (Top left) Field of view of a barium-spiked sample with sin-
gle molecule candidates. (Bottom left) Fluorescence trajectory of a single
molecule event. A single photo-bleaching step is observed. (Right column):
a single molecule 0.5 s before and after photo-bleaching. Taken from [65].

fluorophores must be anchored to a surface and in a monolayer regime,
instead of embedded in a thick sample and immobilised by a polymer.
Second, by removing the polymer, the environment becomes a dry
one as the monolayer is exposed to high pressure xenon gas. This may
modify the chelation and fluorescence properties of the fluorophore
significantly. In addition TIR is generated at the solid-liquid interface
to occur, which will not be the case in the final dry scenario. Third,
photobleaching may not occur in this clean, ultra-dry environment.
Even in the case that it does occur, this implies that the detection of
Ba”" ions is achieved in a single attempt, given the irreversibility of
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photobleaching. We will further address some of these issues in the
following chapters.

Alternatively, during this thesis we worked on developing a non-
destructive method to detect the fluorescence of Ba®*-chelated indica-
tors. We first used a microscope exploiting Two-Photon Absorption in
collaboration with the group of Prof. Juan M. Bueno in the University
of Murcia. This yielded the results which will be presented in chapter
5, section 5.1. Building on the experience gained from those tests, we
developed our own fluorescence microscope. This setup was tailored
with the purpose of detecting the fluorescence of FBI samples prepared
specifically for research on barium tagging. Moreover, it will be the
basis for the optical detection component of the final sensor in NEXT.
This microscope and some results obtained with it will be discussed in
chapter 7.

3.6 Conclusions

We are working to define the ideal molecular sensors for Ba tagging in
NEXT. In this chapter I have introduced three alternatives of detection
mechanisms and different molecules useful for each of them. I have
focused on the FBI family, which could be the basis for a barium-
tagging sensor in a future gas-xenon-based experiment searching for
OvBp decays. FBIs show a bicolor behavior in solution when they trap
Ba but not when other alkaline earths are chelated. The mechanism by
which FBI-G1 shift color upon chelation was also discussed.

Moreover, I have introduced different light detection methods
which are under exploration. I have discussed the method of photo-
bleaching for single Ba?" ion detecion and its limitations. To overcome
this drawbacks and optimize the detection of FBIs, we have been
developing a microscope which is described in detail in chapter 7.
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science? Un jour les épistémologistes feront les poubelles.
Dans les poubelles de la taille, nous retrouverons le monde
lui-méme!

Michel Serres, Hermeés V. Le passage du Nord-Ouest

As we discussed in the previous chapter the capability of FBI
molecules to capture Ba*" in solution was established by fluorescence
experiments [75]. However, the final implementation of a Ba-tagging
device in NEXT will require the detection of the fluorescence signal
from the molecular sensors immobilized on a surface. Furthermore, the
sensor must be operated in conditions of Ultra-High Vacuum (UHV) to
maintain its purity. In order to do that in a controlled way, i.e. dosing
the Ba®" ions on the immobilized sensors in UHYV, we use Atomic
Layer Injection (ALI), which was a novel technique when we started
this thesis. This technique is relevant because it allows to introduce
liquids in UHV. Some large molecules can lose their structure and
properties when heated or dried. This implies that ordinary thermal
sublimation is not suitable to grow molecular layers in UHV and that
alternative techniques, like ALI, must be used. Thus, this thesis started
by exploring the deposition of the molecules from solution under UHV
conditions. Moreover, the injection of droplets containing barium onto
FBI molecules can be used to simulate the arrival of the Ba*" ions to the
sensor. The solvent evaporates during the injection, so the chelation of
Ba”" takes place in dry conditions.

Since the ALI deposition technique was novel, we started by as-
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sessing its performance. Thus, first I explain the characterization of the
ALI system. After this, I show some results obtained for deposition
and chelation of Ba(ClO, ), molecules by FBI-G1 absorbed on a silica
pellet. Then I evaluate the possibility of using ALI to deposit FBIs
directly on a substrate in UHV.

4.1 Atomic Layer Injection

The quest to study molecular materials and most importantly, solution-
based organic materials synthesized by different bio(chemical) routes,
using enhanced surface science technique in UHV is at the heart of
nanotechnology [86]. By definition UHV systems are not designed
to operate with liquids since the introduction of these solutions leads
to a rise in the pressure inside the UHV chamber. Thus, introducing
solutions in UHV required the use of novel injection systems. Most
preferably, these would help to overcome the UHV challenge and
keep the integrity of our sample during and after the deposition pe-
riod. Although there are other commercially available solutions to
deal with the deposition of molecules from solution in UHV, such
as Metal Organic Chemical Vapor deposition Method (MOCVD) or
Liquid Source Chemical Vapor Deposition (LSCVD), we will focus
on ALI This method allows to leak a minimal amount of solution in
a UHV chamber via a pulse valve, causing a sudden increase in the
chamber pressure that is rapidly recovered by the pumping system.
In this manner, a highly volatile solvent is efficiently pumped, while
the solute falls following a ballistic trajectory and making use of the
pressure gradient [87].

The ALI system we used was one of the prototypes commercialized
by the Spin-off company Bihurcrystal when this thesis started [38].
They followed the original idea of ].M Sobrado and J.A. Martin Gago
[89]. We worked closely with the company and provided them with
feedback on characterizing the performance of their device, analyzing
the response for different solvents, different solutions concentration
and different pressure regimes. Some of these studies are summarized
after the setup description.
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Setup description

Figure 4.1. (Left) elements of the ALI setup used for this work. (Right) Pulse
valve cross-section structure, adapted from [90]

Figure 4.1a shows the main elements composing the atomic layer
injection setup. They can be divided into two major groups according
to the two pressure stages involved in the process: the pre-injection
system, where the solution is prepared for the injection at ambient
pressure; and the UHV system. The latter is achieved at a stainless steel
T-shaped chamber via a turbo molecular pump (TMP). The substrate
to receive the droplets from the injection is installed in a stage at a
transfer bar. This way, once prepared, the sample can be transported
to a connected analysis chamber.

The solution is first introduced in the pre-injection system via a
leak-tight glass syringe through a 20-cm stainless steel needle. The
needle is designed to reach the liquid reservoir at the overseat port
of the pulse valve. Once the solution is placed at the reservoir, the
ball valve labeled "V3" is closed to isolate it from the rest of the pre-
injection piping system. A carrier gas (usually nitrogen or argon)
is flushed through this piping circuit to purify when exposing it to
the atmosphere. Then the pressure at the pre-injection chamber is
regulated by means of the needle valve and the dry pump. Before
the injection the valve "V3" is opened to communicate the carrier gas
and the liquid reservoir. The pressure from carrier gas and the vapor
pressure of the solution is read by a Pirani gauge and can affect the
injection in several ways [87].
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The injection or pulse valve is the main element of the ALI system.
It consists on a small orifice connecting the reservoir of the liquid
solution with the UHV chamber. The orifice is sealed by a teflon
(PTFE) poppet as shown in figure 4.1b. A plunger cylinder connected
to the poppet is displaced upwards when the coil is activated, letting
the liquid flow into the chamber. The system can produced highly
reproducible pulses of down to 1 ms and has a leakage rate of 10~/
mbar-1/s.

4.2 Pressure curve analysis

Several parameters of the injection can be tuned to optimize the
amount and purity of the depositions: the concentration of the so-
lution, the opening time of the pulsed valve, the threshold pressure
to close it, the minimum base pressure required and the backing gas
pressure. However, the main parameter to characterize the injection
is the pressure in the UHV chamber and its time evolution. This time
profile of the chamber pressure can be used to differentiate between
injections of solvent, gas or dissolved molecules. Therefore, in this
section I describe how the pressure time profile (or pressure curves) is
recorded and analyzed.

When the pulse valve is activated, a small amount of liquid is let
into the vacuum chamber, producing a spike in the chamber pressure
and being rapidly pumped out. This behaviour, very much alike a
virtual leak, is reflected in the vacuum chamber pressure curve, which
is recorded by the full range cold cathode gauge. Figure 4.2 shows two
examples of cycles of 6 consecutive pulses. The solutions used for this
example were a 1 uM solution of FBI-G1 in acetonitrile (left) and the
pure acetonitrile solvent (right).

Several features are recognisable from these curves.

1. The injections are highly reproducible, with the pressure keeping
a similar profile for as long as a hundred pulses in the case of
acetonitrile. The latter is a highly volatile solvent and the reser-
voir maximum load (0.3 mL) gets depleted in approximately 200
pulses, although this depends greatly on the injection conditions.

2. There are two possible conditions to launch a new pulse: either
reaching a specified actuation pressure (5 x 10~® mbar for figure
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Figure 4.2. Pressure curves recorded by ALL (Left) molecular injection of FBI
solution in acetonitrile (AcN) 1 uM. (Right) injection of acetonitrile solvent
only. Both sets of injections were carried out at an argon pressure of 400
mbar and with a pulse duration of 10 ms. The peak pressure of each pulse is
indicated by red stars and the end of each pulse is indicated by green dots.

4.2) or setting a minimum wait time between pulses. In the latter
case, during this wait time the chamber can be pumped below
the actuation pressure, as can be seen for some of the pulses in
figure 4.2. The end of each pulse and the beginning of the next is
indicated in the figure by a green dot.

3. The presence of a solute immediately affects the shape of the
curves. The solvent is efficiently pumped yielding a steep pres-
sure decrease. When the solution is as diluted as of 1 micromolar,
the pressure drop is slower at the beginning, then decreases
suddenly in a similar fashion as in the previous case. This first
slower stage can be related to the time it takes for the molecule
to land on the substrate and be dried off. Thus, this behavior
should depend as well on the distance between the substrate
and the pulse valve outlet.

We can overlay these pulses and compute the average profile over
several injections within the same run. This can give us some insight
on the overall physics taking place during the injections. The overlay-
ing of some pulses of the 1 uM FBI-G1 solution are shown in figure
4.3 (left) and the resulting average profile in Figure 4.3 (right). The
shaded regions indicate the 1-sigma confidence interval of this average
profile. The average profile of the solvent injections is also displayed
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for comparison.

Figure 4.3. (Left) overlaying of pulses for averaging. (Right) resulting average
curve for FBI-G1 1 uM solution (blue) and pure acetonitrile (green).

It is easy to notice that the maximum pressure reached at the UHV
differs by about an order of magnitude between both experiments,
despite being injected with the same carrier gas pressure. This is
expected, since the solute is a solid contribution that cannot be as
efficiently pumped as the solvent. A longer recovery time reflects the
presence of solute as well. For the acetonitrile injections, most of the
peaks take around to 2.5 s (see also Fig. 4.3), so the 1-c confidence
interval is broader in that band. Some acetonitrile peaks can last for
up to 15 s, so the average curve reaches that time period (although
with much less variation). Hence, two representative features of each
experiment are the maximum pressure reached and the time it takes
to recover a certain pressure level. Figure 4.4 gathers these features in
a scatter plot. Both the maximum pressure and the recovery time have
been plotted together on their own y-scale to show the correlation
between them.

Notice that the peak pressure and the recovery times are almost
constant up to the first ~150 pulses. This proves that the injections
are highly reproducible. However, both parameters start fluctuating
for the last ~50 points. This difference is precisely what allows to
distinguish clean injection pulses from irregular ones.

The last few points in figure 4.4 suggest the solution is being de-
pleted: around pulse number 140 the liquid reservoir is starting to
get empty and more and more vapor is being injected instead. Since
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Figure 4.4. Maximum pressure reached and recovery time for FBI-G1 1yM
solution

gas is easier to pump than liquid, both the recovery time and the
maximum pressure start to drop quickly when all the liquid has been
injected. This should be reflected as a noticeable difference in the
pressure profile between the last pulses and the rest.

We then consider two types of pulses:

* Wet pulses: the ones reaching a maximum pressure close to the
average along the run.

* Dry pulses: those deviating by more than a standard deviation
from the average.

Figure 4.5 left shows this classification. We now plot separately the
average shape of dry and wet pulses and perform the same operation
with the pure solvent data. By comparing these profiles as in figure 4.5
right, we see that while the pulses classified as ‘“dry” are quite similar
for both the solvent and solution runs, this does not hold for the ‘wet’
ones. This suggests that dry pulses correspond to injections of gas,
either argon or acetonitrile in vapor form. In other words, dry pulses
are produced with the reservoir mostly depleted of liquid. Thus, these
injections reach a lower peak pressure than wet pulses, which consist
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of liquid injections (either of solution or pure solvent).

Empty
Liquid injections ~ deposit

Figure 4.5. (Left) pulse classification by maximum reached pressure. (Right)
Average curve profiles of the resulting classification.

4.3 Estimation of injected number of molecules

An important magnitude to characterize the deposition is an estima-
tion of the number of molecules injected per pulse and over the whole
run. Here, I will discuss two approaches to this estimation.

a) Estimation based on the initial solution volume:

The simplest approach assumes the concentration of the solution is
homogeneous during the whole process. Hence, it is possible to esti-
mate the injected volume at each pulse as the total solution volume
in the reservoir divided by the number of pulses needed to deplete
such volume: Ve = Vioad / #pulses- Then, by multiplying by the mo-
lar concentration, c (assumming homogeneity), we infer the solute
amount of molecules in each pulse: Npuyse = Vpuise - € - Na, where
N4 = 6.023 x 10% is the Avogadro constant.

We can further assume that the solute is only present in the liquid
contribution of the injections, i.e. only for the wet pulses any solute
is really being injected. In this case, we would substitute the total
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Magnitude | Total load Per pulse | Per wet pulse
V [mL] 0.3 1.7 x 1073 1.8x 1073

N [#molecs] | 1.8 x 10" | 1.03 x 10'2 1.10 x 10'2
m [g] 1.59 x 1077 [ 9.07 x 10710 | 9.6 x 10710

Table 4.1. Amount of solute injected for FBI-G1 deposition. V is the volume
injected, N is the number of solute molecules in the volume and m is the
mass of the molecules injected.

number of pulses #py1ses (175 in the previous example for FBI injection)
by the number of wet pulses #,t= 164, in the case shown above.

Table 4.1 gathers these estimations for the experiment shown in
the previous section: injection of 0.3 mL, 1 uM solution of FBI-G1
in acetonitrile, with a gas carrier pressure of 400 mbar. The last row
shows the mass in grams corresponding to these amount of molecules
by dividing over using the molecular weight of FBI-G1, m, = 529 Da.

b) Estimation based on pulse shape analysis:

An alternative approach is based on computing the total leak rate of
each pulse. The instantaneous leak rate g () is defined as

qu(t) = A<pAtV) = %'PﬂL%'V:SeH'P(f)*‘ﬁV,
where S is the effective pumping speed of the system, p is the UHV
chamber pressure and V its volume. Consider both terms on the r.h.s.
of equation 4.1. The first one dominates in a steady pressure scenario,
as p ~ 0. This is the scenario assumed in [87, 89, 91]; however, I will
show that this term is subdominant as the pressure rises in a very short
time, so this scenario does not provide an accurate representation of
the injection.

(4.1)

In the computation of both terms, only the stage of pressure raise
is considered, as it is at this stage when the liquid evaporation con-
tributes to the pressure in the chamber. During the pressure drop,
different pumping systems act and outgassing blurs the injection con-
tribution. Figure 4.6a illustrates this rise stage as filled area under the
pressure curve for different pulses. The correlation of the integrated
area with the maximum reached pressure is depicted in figure 4.6b.
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Figure 4.6. (a) Pressure rise stage from pulsed injection. (b) Correlation
between area under curve and maximum reached pressure.

Call the two terms of equation 4.1 steady leak rate, gste(t) =
Ses - p(t); and dynamic leak qgyn(t) = pV. We estimate the cham-
ber volume to be V =4.7 L and the effective pumping speed Se¢ = 0.26
L/s. The latter accounts for the conductance at the output of the TMP,
where its efficiency is limited by the diameter of the exhaust tube. Since
we are interested in the total leak rate during the stage of pressure rise,
we integrate these instantaneous values from the start until the culprit
of the injection. In practice, we compute numerically the area under
the pressure curve (shown in figure 4.6) and its derivative. Averaging
over the 167 ‘wet’ pulses, we obtain leak rates of gste = (2.0+6) x 1073
mbar-L/s and gqyn = (4.5 £ 1.4) x 10~° mbar-L/s. As expected, the
dynamic contribution is greater than the steady one by a factor 2.5.

Then, the number of molecules injected is estimated by assuming
an ideal gas causing the pressure raise. Then, from equation 4.1, we
obtain:

CAlp-V) An
QL= — A =R-T A (4.2)
_ Qr-At

where, T is the temperature (room temperature in our experiments),
R is the ideal gas constant (R = 0.082 mbar -1/(mol-K)), and At is the
total time the pressure rise lasts (around 0.1 s in the current example).
Here capital Q, refers to the total leak rate, resulting of integrating the
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instantaneous one defined in equation 4.1.

This computation yields an estimation of the total amount of
molecules entering the chamber, AN = Ny - An = 2.0 x 10 molecs.
The fraction of solute (FBI) to solvent (AcN) is given by:

ANggr  MacN/pPAN

- =1.9x1075, 44
ANaAcN 1/c— Mgg1/ prsr 4

Xsol =

where ¢ = 1 uM is the solution concentration, pacn = 783 g/L and
M = 41 g/mol denote the mass density and molar weight of the
solvent (acetonitrile). Similarly for the solute (FBI molecule) pgpr =
5038 g/L and Mgg; = 529 g/mol. Thus, equation 4.4 yields ANgg; =
3.8 x 10" molecules per pulse.

This result differs by a factor 3 from that on table 4.1, where N =
1.10 x 10'2 molecs. per pulse. However, this latter is actually an
upper boundary: the maximum molecules that could enter the UHV
chamber.

Several assumptions underlie this estimation: homogeneous con-
centration in the whole reservoir and that no molecule precipitates,
sticks to the pulse valve or evaporates when exposing the liquid in
the reservoir to the carrier gas. This last assumption is not accurate
taking into account the high volatility of acetonitrile, with a vapor
pressure of 130 mbar. The second estimation is independent from the
distribution of solute in the pre-injection reservoir as it relies on the
data from the pressure rise when the liquid enters the UHV chamber.
However, it still assumes that the concentration is homogeneous and
that the solute does not fall preferentially by gravity but is spreaded
throughout the whole chamber.

From our experience, the second method provides a more accurate
estimation on the actual number of molecules being injected in the
chamber.

4.4 Chelation of FBIs with Ba(ClO,), deposited by ALI

The first studies of the photophysics of FBI-G1 and its response to Ba*"
chelation was carried out in solution. To that end, solutions of FBI-G1
(5 x 10~° M) were chelated with Ba(ClO,), in a ratio 1:1 Ba®* to FBL
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The resulting emission spectra is shown in Fig. 3.4. A blue shift of
AA = —61 nm was measured between the chelated and unchelated
emissions.

For the NEXT experiment, the molecules must be deposited on the
surface of a solid substrate, so we tested silica as initial solid support.
Silica powder was compressed into pellets and a FBI-G1 solution was
deposited onto them. The solvent evaporates in air and FBI-G1 is
trapped in the pellet. Then the pellet was wet with Ba(ClO, ), solution
and let dry again. This yielded similar results as those obtained entirely
in solution.

As a next step we tested whether the chelation still takes place
when we greatly reduce the amount of solvent at the moment of de-
positing the Ba(ClO, ),. To this end we used ALI to inject Ba(ClO, ),onto
FBI-G1 adsorbed on the silica pellets. In addition, this allowed to test
if the chelation took place under UHV conditions.

For this test we used a silica pellet containing 2.3 x 1078 mmol of
FBI-G1 molecules per mg of silica (1.3 x 10'® molecules). Two similar
pellets (SFpA and SFpB) were prepared by depositing 7.4 x 1078 mM
of FBI-G1 indicator per milligram of silica, which is equivalent to
1.3 x 10" molecules of FBIL. One was kept as a reference for unchelated
molecules (SFpA), and the other was introduced in an UHV chamber
(Fig. 4.1a) in which barium perchlorate was deposited (SFpB). The
silica-FBI-G1 pellet was placed on a stage in the UHV chamber, directly
under the exit of the ALI pulse valve. The separation distance was 20
cm.

Next, a 0.5 mM solution of barium perchlorate (BaClOy); in ace-
tonitrile was used for the chelation. In order to maximize the amount
of barium being deposited, we chose the maximum concentration
recommended to avoid solute clogging the pulse valve orifice. Further-
more, the pre-injection pressure (argon) was set to its maximum of 1
bar, to minimize acetonitrile evaporated from the liquid reservoir. The
opening time of the pulse valve was 50 ms, the minimimum recovery
pressure was 1 x 107® mbar. The pulses lasted as long as necessary
to recover this actuation pressure. Five consecutive loads of 0.3 mL
solution were injected in the UHV chamber. After each batch was
depleted, the liquid reservoir was reloaded with a fresh solution and
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the pre-injection chamber was purged by argon flushing.

In this experiment, of the total 963 pulses, 496 were classified as
dry and 466 as wet. This implies that more than half of the pulses
were likely unuseful in the deposition process. The average shape of
the wet and dry pulses for this experiment is compared in figure 4.7.
In this graph, we zoom on the first 1.2 s, to see the detailed shape of
the peak immediately after injection. The confidence interval of each
average is shown as a shaded region; in the case of the wet pulses, the
fact that this region is very narrow hints that these pulses were highly
reproducible.

Figure 4.7. Average pressure profile comparison for dry and wet pulses in
Ba(ClO, ), injection onto FBI-G1 on a silica pellet.

We now estimate the amount of injected molecules as in section
4.3. This will yield an approximation of the final coverage obtained.
Since the solution reservoir was filled 5 times with 0.3mL of solution,
the pellet was exposed to 1.5 mL of solution (at 0.5 mM concentration)
as upper boundary. This sets a maximum of Ng. '™ 4.52 x 107
molecules deposited in the entire experiment.

This value can be compared with that obtained by computing the
total leak rate using equation 4.1, as explained in Section 4.3. Thus,
at every wet pulse, Q; = 0.808 £ 0.008 mbar-L/s. The values of
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mass density and molar weight used in equation 4.4 for the barium
perchlorate solute are pg,p = 3200 g/L and Mp,p = 336.3 g/mol,
respectively. Considering an homogeneous concentration, ¢ = 0.5 mM,
this yields a fraction solute/solvent of x,; = 9.6 x 1073, Thus, the
number of barium perchlorate molecules entering the chamber would
be NEMer = (1.40 £ 0.01) x 107,

However, this value would represent the upper boundary of num-
ber of molecules deposited on the sample in an ideal case, i.e. in a
situation where all the pulses contains exactly the same amount of
molecules and all the molecules reache the surface. But reality strongly
differs from ideal conditions. First, not all the molecules entering the
chamber will arrive to the pellet. The pellet diameter is 2 cm and a
maximum injection surface can be approximated as the chamber cross
sectional area, with a diameter of 69 mm (CF63). Dividing both areas,
we estimate a collection efficiency € = 0.026. This factor assumes that
the spray cone has a maximum angular aperture of 12°, which falls in
the range measured by [89]; however this would be an overestimation
if the cone were wider than that, as the molecules in that part of the
spray (arguably, mostly solvent) would then collapse with the walls of
the chamber.

To test this, we studied the variation with the position of the de-
posited mass measured by a Quartz Microbalance (QMB). In other
words: we probed the content of the spray cone in and away from the
axis. For this study we kept the injection conditions fixed at ppre—inj = 1
bar, ton, = 50 ms and Npulses = 20. Using a linear bellow drive, we
displaced the QMB from the center of the UHV chamber (the cone
axis, z = 0) as far as 28 mm, in steps of 4 mm. Figure 4.8 schematically
illustrates this procedure.

Table 4.2 gathers the total injected Ba(ClO, ), molecules, according
to both approaches, and accounting for a collection efficiency of € =
0.026. The estimated number of injected Ba(ClO, ), molecules is of the
order of 10'* molecules.

In order to predict whether this Ba(ClO, ), molecules chelate the
molecules in the pellet, DFT calculations were perfomed. The calcula-
tions showed an exergonic nature for the binding of Ba(ClO, ), to the
FBI-G1 in absence of solvent. Importantly, the process evolves sponta-
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Figure 4.8. (a) Scheme of QMB position test. The yellow circle represents the
quartz crystal. (b) Dependence of deposited mass with QMB z-position.

Magnitude Total volume approach Leak rate approach
Nenter 4.5 x 107 (1.40 £ 0.01) x 10
Narrive = Nenter - € 1.19 x 106 (3.65 4 0.03) x 10

Table 4.2. Amount of solute injected for Ba(ClOy), deposition on FBI-silica
pellet. The error estimation is based on the standard deviation for the areas
of the 496 peaks.

neously when the system FBI-Ba”" starts at distances of around 1 nm
between ion and molecule. From these calculations, we can conclude
that the formation of supramolecular complexes implies that FBI-G1
indicators can chelate Ba?>" in the absence of solvent [75].

In addition, the chelation of FBI-G1 in the pellet was tested experi-
mentally by means of Two-Photon absorption (2PA) microscopy (the
setup is described in section A2.1). Figure 4.9 shows the tomography
images measured for FBI-G1 pellets before and after deposition of
Ba(ClO,), with ALL Each visible point in the image corresponds to
a (Z,X) position determined by a system of imaging mirrors. The
Z — X tomography image acquired on the reference FBI pellet using
the green filter (Fig. 4.9a) reveals a region of about 20 ym in depth
that corresponds to the area of the pellet where FBI molecules were
immobilized. Because these are unchelated molecules, they are visible
with this filter but not with the deep-blue filter (Fig. 4.9b). Instead, the
sample exposed to Ba(ClO,), presents some emission in the deep-blue
region of the spectrum (Fig. 4.9¢). These emission can only correspond
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Figure 4.9. 2PA tomographies of FBI-silica pellets. (a,b) Reference pellet, with
unchelated FBI filtered for green (v > 450 nm) (a) and blue (y = 420 £ 10
nm) (b) emission. (c) FBI-G1 chelated with Ba>* deposited with ALI filter ed
for blue emission.

to chelated FBI molecules. Therefore, deposition of Ba(ClO,), by ALI
produced some molecular chelation.

Thus, with this initial experiment we manage to confirm that, the
Ba”" ions can be trapped by the sensors even under vacuum conditions
and with the FBI-G1 molecules embedded on a substrate. However,
for the final application, this silica pellets can not be used. First be-
cause of its fabrication ineffectiveness (the reproducibility of the pellet
fabrication was poor). Second because the silica pellet themselves also
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trapped Ba®*" ions (although it does not produce any fluorescence).
Finally because, in order to aim for the highest sensitivity, the fluo-
rophore distribution must be highly homogeneous and the molecules
cannot be buried in the bulk of the substrate. In order to overcome
these issues, the next step was the deposition of FBI molecules on flat
surfaces.

4.5 FBI-G1 depositions on Cu and XPS characterization

In order to deposit by ALI the FBI-G1 molecule two solutions in ace-
tonitrile and methanol were prepared with a concentration of 5 x 10~*
M and 1 x 10~* M, respectively. The molecules were injected onto
a clean copper policrystal with an argon backing pressure of 1 bar
and an opening time of 50 ms for the pulse valve. From a total of 869
pulses, 305 were classified as wet and 564 as dry pulses.

In order to analyze the deposition we use X-ray Photoelectron
Spectroscopy (XPS), a highly sensitive UHV technique that provides
information about the chemical composition, electronic state, and
bonding of a material. Thus, in our experiments with FBI-G1 the
detection of carbon, nitrogen and oxygen peaks will be a first indicator
that the molecule has been correctly deposited. The Cu surface was
cleaned by sputtering and annealing inside the UHV chamber prior to
the ALI deposition.

Figure 4.10 shows the O 1s, N 1s and C 1s core levels of the samples
after exposed to ALI deposition. The spectra for two runs of ALI
injections on a copper substrate with two different solvents are shown:
acetonitrile (AcN) and methanol (metOH). The intensities of all peaks
were normalized to the Cu 2p peak. The ratios between elements
intensities, derived from the areas of these peaks, are shown in Table
4.3. The values for both experiments are in good agreement with the
expected ratios from the molecular composition (last row). Deviations
from the reference values can be attributed to small presence of C and
O on the Cu substrate. The largest deviations involve the nitrogen in
the ALI sample prepared with AcN. This is a signal of passivation of
the surface with AcN.

The three molecular core levels (O 1s, N 1s and C 1s) of the ALI-
prepared samples (green, orange lines) present similar shapes to each
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FBI on Cu policrystal

O1s N1s

Figure 4.10. XPS of FBI on Cu and ALI injections (400 pulses in methanol,
green and 400 pulses in acetonitrile, orange). Spectra recorded in the molecu-
lar regions: O 1s, N 1s and C 1s.

Experiment C/N C/O0 O/N
ALI metOH 96 51 1.9
ALI, AcN 6.5 51 1.9
Reference Stoichiometry 10.3 6.2 1.7

Table 4.3. Stoichiometries obtained by XPS analysis of FBI-G1 deposited by
ALI from two solutions with methanol (metOH) and acetonitrile (AcN). The
values are compared with the nominal stoichiometric formula (C3;N305H35).

other but different intensities. This implies that the injection of FBIs
with acetonitrile solvent is more efficient that with methanol.

In the O 1s peak, there should be only one component centered
on 533.5 eV, associated to the O in the crown ether. However, there is
another component at lower binding energy, centered on 531.5 eV, as-
sociated to formation of CuyO [92]. This latter component, absent after
cleaning the Cu substrate, indicates that during the deposition pro-
cess, the oxygen in the solvent (mainly the OH group of the metOH),
or the fragments or impurities associated to the molecular synthesis
oxidize the Cu substrate (the molecules were introduce without any
pre-purification treatment).

The N 1s peak of the metOH sample has two components of similar
intensities at 400 eV and 398.5 eV, respectively. The N 1s peak of the
AcN sample is the most intense and contains three components at
400.1, 398.2 and 402.2 eV in order from most to least intense. The
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AcN sample has a larger N 1s peak than any other sample, which is
reflected in an excess in the stoichiometric abundance of N for this
sample compared to the rest. This excess hints the presence of the
solvent itself on the surface, which contains nitrogen. The C 1s peaks
contain a very intense peak at 286.7 eV and a faint one at 285 eV. The
presence of excess C in ALI samples can be attribute to the presence of
solvent and other impurities coming from the injection process.

The coverage estimation for the AcN and metOH samples is 1.4
and 0.6 ML, respectively. These coverages correspond to 1.4 x 104
and 6 x 103 molecules/cm?, respectively. The leak rate estimation
method yields a total number of 4.9 x 10'* molecules/cm? arriving to
the substrate for the AcN experiment and 5.5 x 10'* molecules/cm?
for the metOH experiment. This calculation then only overestimated
the amount of deposited molecules by a factor 5 to 9. The procedure
for the estimation was the same as in sections 4.3 and 4.4. Since the
size of the Cu substrate was similar to that of the silica pellet, (~2 cm
diameter), the same collection efficiency € = 0.026 was assumed.

4.6 Conclusions

The performance of the ALI technique was assessed in this chapter. It
allows to inject pulses of molecular solutions into vacuum with high
reproducibility and the amount of injected molecules can be estimated
from the pressure profiles. In addition, the technique allowed to
deposit Ba(ClO,), onto silica pellets containing FBI-G1 and chelate
the indicators efficiently in UHV conditions, as demonstrated by 2PA
microscopy. Lastly, the system can be used to deposit FBI-G1 directly
on flat surfaces like Cu. The stoichiometry of the molecule is preserved,
although some residue acetonitrile was found on the samples.

Moreover, the development of the ALI technique goes beyond the
scope of barium tagging. An interesting application of injecting liquids
into vacuum is the deposition of large molecules which would break
when attempting to sublimate them. This was the case of starphene,
a 2D polyaromatic hydrocarbon with three acene arms connected
through a single benzene ring [93]. Since sublimation was not possible
for these molecule, a precursor containing a carbonilated ring in each
arm was used instead. The precursor was diluted in acetonitrile and
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injected onto an Au (111) surface in UHV using ALIL The injection
consisted of 12 pulses of 50 ms at a backing pressure of 1 bar Ar.
The sample was post-annealed to 150 °C for 5 minutes to remove
contaminants from the surface. This procedure allows to observe by
STM individual starphene-shaped molecules on Au(111) [93], see Fig.
A1.6b,c. This is an example of on-surface synthesis which was possible
to carry out thanks to the ALI technique. As the method is further
developed, more applications are expected to appear.



On-surface Ba®t trappi
first generati

by
FBI

The FBI indicators introduced in chapter 3 could be the building bricks
of a Barium-tagging device capable to eliminate all reducible back-
ground in NEXT. We have seen that the shift of the emission spec-
trum upon chelation with Ba*" can be exploited to filter the signal
of chelated indicators and distinguish them from unchelated ones.
In addition, the proof-of-concept experiment described in chapter 4
demonstrated the capability of FBIs to trap Ba®" when pressed into
a silica pellet. However, the conditions to confirm chelation in the
absence of air or solvent were still not probed. Thus, even though the
trapping of the Ba*" ions is occurring, the effect of solvents, air humid-
ity or molecular aggregation in the fluorescence emission properties
was not ruled out.

Furthermore, the silica pellet cannot be the substrate of choice for
the definitive sensor. As discussed in 2.5, the indicators in the final
design must be orderly arranged in a monolayer to assure univocal
detection of a single Ba*" ion. Pressing the molecules into a silica
pellet does not yield a monolayer regime.

We address these issues in the present chapter. We demonstrate the
chelation of FBIs with Ba®" entirely in UHV. This rules out any possible
influence of solvents, air molecules or spurious contaminants. To this
end, we combine two highly sensitive surface techniques: X-ray Pho-
toemission Spectroscopy (XPS) and Scanning Tunnelling Microscopy
and Spectroscopy (STM/STS), to prove how different ions interact
with FBI molecules deposited on suitable substrates.
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5.1 Chelation on Silica pellets

After the demonstration that FBI molecules can chelate Ba®" by de-
positing Ba(ClO, ), with ALI an important step towards the detection
of Ba>* in an HPXe is the demonstration that the ions can be chelated
in the absence of solvent. This requires exposing a sample of FBI
molecules to a source of Ba®" ions.
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Figure 5.1. Sublimation of Ba(ClO,), on the FBI. a, Experimental setup.
Photograph of the interior of the UHV chamber used for sublimation. The
positions of the pellet, evaporator, quartz microbalance and mass spectrome-
ter are indicated. b, General (exterior) view of the sublimation UHV chamber.
¢, Photograph of the quartz microbalance with SFpB pellet attached before
being inserted in the UHV chamber. d, e, Photographs of the pellet before
(d) and after (e) the sublimation. In both cases, the excitation light is 365
nm. We note the characteristic green colour of unchelated FBI before the
sublimation and the blue shift after the sublimation, which shows a large
density of chelated molecules.

As a starting point we designed a sublimation experiment as
follows. We introduced one of the silica pellets containing FBI-G1
molecules (Fig. 3.3), as we did for the ALI deposition, in a UHV cham-
ber (Fig. 5.1a, b). In there, barium perchlorate was sublimated using
a Knudsen cell at a temperature of around 700 K. The evaporation
rate was continuously monitored in-situ with a microbalance. The
pellet was attached to the microbalance during the exposure to barium
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perchlorate, as shown in Fig. 5.1c. The total thickness of deposited
Ba(ClO,), was 10 A, equivalent to a layer of 7.6 x 10!* molecules.

Figures 5.1d, e show images of the pellet before and after sub-
limation under an excitation light of 365 nm. The blue shift after
sublimation is clearly visible even to the naked eye, showing that a
large number of indicators on the pellet’s surface were chelated. As
we did for the chelation by ALI deposition, the sample was measured
by 2PA microscopy [94] (see section A2.1). The results, summarized in
Fig. 5.2, are similar to those obtained for chelation after ALI deposition
of Ba(ClO,),. On the Z — X tomography on the unchelated-FBI pellet
the region of about 20 ym where FBI molecules were immobilized is
visible for the green filter (Fig. 5.2c) but not for the blue one (Fig. 5.2b).
By contrast the deep-blue tomography (Fig. 5.2d) shows emission
points from chelated molecules in the sample exposed to Ba(ClO,),.
Therefore, this demonstrates that the sublimation deposited the Ba®"
uniformly, resulting in a layer of chelated molecules. Finally, Fig. 5.2f
shows green and deep-blue 3D tomography images confirming that
the spatial distribution of the chelated molecules follows that of the
unchelated indicators.

5.1.1 Sensitivity to single chelated molecule in a dense monolayer

In order to distinguish the signal of a single complexed indicator from
the background of unchelated surrounding molecules a discrimination
factor is calculated. Following ref. [95], we take the overall light
collection efficiency of the system to be e, = 10%. We consider a 2PA
microscopy system similar to the one used here, but with optimized
parameters, for example, an 800-nm pulsed laser, with a repetition rate
of f =100 MHz, pulse width 7 = 100 fs full-width at half-maximum
and a moderately large numerical aperture of NA = 0.95. Focusing the
laser on a diffraction-limited spot (a circle of ~ 0.5y diameter) results
in a photon density of 1.7 x 10*! photons cm~2 W~2 per pulse. We
assume that one single FBI molecule complexed with a Ba*" ion and
m unchelated indicators are contained in such a diffraction-limited
spot. The number of absorbed photons, n,, per fluorophore and per
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Figure 5.2. Response of the FBI. a, Emission spectrum of the silica pellets
containing unchelated (green line) and chelated FBI-G1 (blue line) after silica
subtraction. The unchelated FBI-G1 spectrum is scaled by a factor of C, with
respect to the chelated FBI-G1 spectrum). b, Z — X profile of the control pellet,
with unchelated indicators, showing no signal in the deep-blue region (400,
425) nm, where the contribution from unchelated molecules is negligible. c,
Z — X profile of the control sample in the green region (A > 450 nm), showing
intense green emission from the unchelated molecules. d, Z — X profile of
the sublimated pellet, with chelated FBI-G1, showing a clear signal in the
deep-blue region (400, 425) nm due to the molecules chelated by the barium
perchlorate. e, Z — X profile of the sublimated pellet in the green region (A >
450 nm), showing intense green emission from both chelated and unchelated
molecules. f, 3D tomography images of the control and sublimated pellets,
obtained with our 2PA microscopy setup, passed through the blue and the
green filters. The images reveal the shape of a tiny section (a square of 75
um? size), showing the same landscape for both chelated and unchelated
molecules.
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pulse is [96]:

1f \ 2hcA

where P is the laser power, ¢ is the brightness (c¢,) of the fluorophore,
f is the reduced Planck constant and c is the speed of light in vacuum.
We can compute the number of photons that the chelated indicator
absorbs as a function of the laser power using equation 5.1. Given the
relatively large 2PA cross-section of the FBI (also computed here), n,
= 2 for a modest power of 11 mW. By setting the laser power at this
value, the emission rate of the chelated molecule will equal the laser

repetition rate, ny = 1 x 10 photons s ™.

2
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The light emitted by the complexed FBI molecule will be blue-
shifted. We assume that a band filter A of (400, 425) nm is placed in
front of the CCD. n is the fluorescence emitted in a given time interval
by the chelated indicator. Then, the light recorded by the CCD that
is due to the chelated indicator will be N F=€gechy, where ¢ F~029
is the band-pass filter efficiency for the signal. The total fluorescence
(green-shifted) emitted by the unchelated molecules will be mn 7 /C,,
where C, = 310 =+ 6 is the concentration ratio between unchelated
and chelated molecules in their respective pellets. The corresponding
background light recorded by the CCD will be N, = s}scmn /C;, where

e’f ~ 0.0036 is the band-pass filter efficiency for the background.

The total signal N; recorded in the CCD will be N; = N r+ Np,
where N is the fluorescent signal. The estimator of the signal observed
in the spot will be N; — N}, where N}, can be computed with great
precision by taking the average of a large number of spots containing
only unchelated molecules. The signal-to-noise ratio (SNR) of the
subtraction is:

N e%€c nsC ' 10
b

Ef

in units of s!/2. The SNR is expressed as a function of time in seconds

because 1y measures the number of photons per second. The num-
ber of molecules in the diffraction spot will depend on the density
of indicators, p, in the sensor. We assume that the target will be a
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dense monolayer with about one molecule per square nanometre. As
shown by our DFT calculations, the snowballs’ formed by the bar-
ium ion during transport (for example, Ba?t—Xeg, [54]) will readily
form a supra-molecular complex at distances of the order of 1 nm (for
example, 8 A in the example discussed here). Thus, p = 10° pm=2
and m = 2 x 10°. By substituting in equation 5.2, we find SNR =
6 x 102 s!/2. If we take a scanning time per spot of 1 ms, then SNR ~
20. Therefore, a chelated indicator would produce an unmistakable
signal above the background of unchelated molecules in that spot.
This demonstrates that fast and unambiguous identification of Ba®"
ions in the sensor can be attained using a dense monolayer.

5.2 FBI sublimation in vacuum

In order to characterize the ion trapping capability of the FBI molecules
at molecular level, it was mandatory to deposit these FBI molecules on
a surface by sublimation in UHV and characterize them structurally
and chemically. Pure FBI molecules (in particular FBI-G1 in Fig. 3.3)
were evaporated from homemade Knudsen cell evaporators. The
molecules were used after degassing in UHV. The molecular evapora-
tion rate was monitorized using a quartz microbalance. Afterwards,
the amount of molecules on the surfaces was quantified by analyzing
the relative intensity of the XPS core level peaks and the percentage
of covered surface in STM. FBI evaporation was very stable and very
reproducible, since the same rate for the same sublimation temper-
ature was monitored. This reproducibility rules out fragmentation
inside the evaporation cell. In the opposite case, if the molecules
broke during the evaporation process, then the evaporation fragments
would sublimate at different sublimation temperatures, and the evap-
oration would became non-reproducible. The simpler FBI derivative
molecules (without crown ether) sublimate at 60-80°C while the intact
FBI molecule sublimates at 140-150°C.

As substrate, we chose gold, the Au(111) face (single crystal cut
to present (111) close-packed planes parallel to the surface), because
it is a well known noble metal surface where very low substrate-
molecule interaction was expected. We used XPS to determine their
chemical composition. Since XPS sensitivity is limited to a depth of a
few nanometers, molecular coverages below 1 monolayer (ML) were
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Figure 5.3. (a) O 1s, N 1s and C 1s core level spectra measured after sub-
limation of 0.6 ML of FBI deposition on Au(111); (b) FBI core level spectra
measured on the previous sample after chelation with 0.80 Ba?" ions per FBI
molecule; (c) O 1s, N 1s and C 1s core level spectra measured after 0.6 ML of
FBI deposited on Au(111) (green spectra) and after chelation Na™ (2.60 Na™
ions per FBI molecule) (orange line). For the three panels, dots correspond
to raw values and solid lines to fitted curves. (d) Curve-component decon-
volution of O 1s spectra in (a) and (b) as well as after chelation with 6, = 3.
(e) Evolution of the O 1s core level as a function of the Ba>* deposition on
0.9 ML of FBI on Au(111). The spectra were manually shifted in the y-axis to
better show the evolution. The O 1s spectra in (d) and (e) are displayed after
subtraction of the contribution from Au 4p 3/2, in order to emphasize the
spectral changes.
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always used in this study. This ensures access to the substrate core
levels for calibration.

Figure 5.3a shows the XPS spectra of the three molecular core
levels of FBI, i.e. O 1s, N 1s and C 1s. The spectra were measured
for 0.6 ML of FBI deposited on Au(111) at room temperature (RT).
The evaporation thicknesses were estimated using the attenuation of
the most intense substrate core levels, i.e. Au 4f. The calculations
followed the guidelines provided in ref. [97]. For this purpose, we
estimated the electron Effective Attenuation Length (EAL) through the
FBI layers for electrons with kinetic energies of 1402.6 eV (Au 4f for Al
Ku radiation). The resulting EAL is 3.87 nm. The thickness of the FBI
samples was then estimated using the intensity of clean substrate core
level as reference and the attenuated intensity after the evaporation.
To correct for systematic uncertainties affecting different sets of data,
the intensities of all spectra were rescaled to the Au 4f core level.

The C 1s core level can be fitted using two components, one cen-
tered at around 284.7 eV and a second and more intense one at 286.3
eV. The former component corresponds to C-C bonds whereas the
component at higher binding energy (BE) includes contributions from
C-O and C-N bonds, with their relative intensities in agreement with
having intact molecules. In the N 1s region, around 400.4 eV, a faint
peak is visible. The position of the maximum is compatible with the
enamine-imine groups of the molecular composition. Finally, the O
1s core level presents a single component peak centered at around
533.0 eV, which is compatible with previous reports on closely re-
lated crown ether groups [98]. The ratios between the core levels,
C/0=6.2,C/N =10.3, are in agreement with having molecules of
C31N305H35 stoichiometry on the surface (FBI molecule stoichiome-
try). The core level peak areas were numerically integrated between
fixed local minima. This yields an error in the stoichiometry ratios of
7%. The stoichiometry ratios were calculated following the expression
R(A/B) = (Ia/Ip-Sg/Sa) where A and B are the different molecular
elements, Ix is the integrated area under the main core level and Sx is
the corresponding sensitivity factor of this core level.

In addition to the XPS analysis, we have confirmed the intact subli-
mation of the molecules by STM. The experiments were performed in
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two different UHV chambers, one for XPS experiments and the other
for STM experiments. Both chambers have a base pressure of 1 x 10~ 1°
mbar. To ensure sublimation reproducibility, each molecular evapora-
tor cell (containing the FBI) was removed from the XPS chamber and
installed in the STM chamber.

Deposition of a submonolayer of FBI mostly leads in disordered
islands coexisting with isolated molecules (Figure 5.4a). The lack
of chemical order on the islands makes it difficult to identify spe-
cific molecules, and interpretation depends on the viewer. However,
it is feasible to spot characteristics that mirror the features of such
molecules (some examples are illustrated in Fig. 5.5). With this, molec-
ular fragmentation at the surface or in the evaporation process is ruled
out. STM images of single molecules (inset in Figure 5.4a) are identified
by two main triangular-like lobes. Based on the molecular structure,
one of them should correspond to the fluorophore and the other to the
crown ether moiety bonded to the phenyl ring. The apparent height of
both is different, with one of them appearing lower and flatter than
the other.

In order to correlate the apparent molecular shape and the molec-
ular structure, bond-resolved STM images were taken. For that, the
STM tip was functionalized with CO molecules operating in the re-
pulsive tip-sample interaction regime, a method extensively used for
characterizing planar organic molecules [99, 100]. Application of this
measurement mode to the FBI molecule results in the images displayed
in Figure 5.4b. For eye guidance, the STM image has been shown twice,
one with and one without the superimposed molecular model. An in-
ternal bonding structure close to the fluorophore structure is resolved
on the left region of the molecule, while the aza-crown ether region is
not well resolved. Due to its larger conformational flexibility and its
non-planarity, tip stability is not good enough and, as a consequence,
the contrast observed in the aza-crown ether part is an artefact re-
lated to excessively strong interactions with the flexible CO tip-apex.
[101, 102]. To confirm the imaging signature of the fluorophore, we
also sublimated two FBI derivatives specifically synthesized without
the aza-crown ether component. Figures 5.4c and d show the bond-
resolving images of FBI derivatives sublimated on Au(111) surface:
the fluorophore (Figure 5.4c) and the fluorophore with the phenyl ring
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Bond-resolved STM images

Au surface

molecules

Figure 5.4. (a) Large scale STM image (50 x 50 nm?) of around 0.4 ML of FBI
molecules deposited on Au(111) surface and measured at 4 K. Red squares
show isolated molecules. Inset: constant current zoom STM image of a FBI
molecule (I =60 pA / U =14 V) deposited on Au(111). (b-d) Bond-resolved
STM image measured with a CO-functionalized probe (constant height, U =
5 mV) of individual FBI molecules: (b) benzo[alimidazo[5,1,2-cd]indolizine
fluorophore with phenyl ring and aza-crown ether (exactly the same molecule
shown in the inset in (a)); (c) benzo[a]imidazo[5,1,2-cd]indolizine fluorophore;
(d) benzo[a]imidazo[5,1,2-cd]indolizine fluorophore with phenyl ring but
without the crown ether. For clarity, the same image is shown twice, one with
and one without the molecular model superimposed to guide the eyes.

but without the aza-crown ether (Figure 5.4d). The absence of the
aza-crown ether allowed the molecules on the surface to adopt a pla-
nar, rigid conformation, which clearly improves the image acquisition,
with the carbon framework of the fluorophore well visualised. It is
remarkable that none of these FBI derivatives forms molecular islands.
Instead, only dimers or molecular tetrameters are distinguished in
the STM images. This supports the previous assessment, that FBI
molecules remain intact (non fragmented) after sublimation.

5.3 Chemical demonstration of chelation

Once the presence of intact FBI molecule on the surface was confirmed,
BaCl, was sublimated to test the molecular chelation. BaCl, powder
was evaporated from a homemade Knudsen cell evaporators. To avoid
cross-talking between FBI and the salt molecules and to exclude any
possibility of chelation of the molecule inside the cell, the FBI and
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Figure 5.5. Several molecular aggregates have been highlighted in the
large scale image shown in Figure 5.4. As a guess of the molecules inside
the aggregates, we use fictitious colors (each molecule corresponds to a
colour). This implies that no molecular fragments are evaporated in addition
to the intact molecules. This is also supported by the fact that the XPS
stoichiometries remained constant over the course of the several (over 10)
evaporations performed for this study.

BaCl, evaporators were located in two separated parts of the UHV
chambers. Prior to the sublimation on the FBI, BaCl, was sublimated
on clean Au(111) surface to confirm its stoichiometry. By comparing
the core level intensities of Ba 3d5,, and Cl 2p core levels (taking into
account the corresponding sensitivity factor of each element), the ratio
Ba:Cl was 1:2 as expected. Surprisingly, when BaCl, was deposited on
FBI-functionalized Au(111), this ratio changes, being around 1:1.540.2,
meaning that there is a partial desorption of chlorine atoms when
BaCl; reached the sample.

From the simulations we have performed on the way that BaCl,
interacts with the FBI molecule (see details of the calculations in sub-
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section 5.4) we conclude that the chloride atoms behave as passive
spectators in the chelation. When the FBI molecule is chelated with
BaCl, salt, the coordination pattern (N- - .BaT, Ph- - - Ba®>" and crown
ether- - - Ba®") is the same as the one calculated in Ref. [75] and the Cl
atoms play no role (see Fig. 5.8). As a result, when the BaCl, molecules
are placed on the FBI functionalizes surface, the BaCl, molecules split,
releasing Cl atoms. The fluctuations in the Ba:Cl ratio are due to partial
desorption of Cl atoms from the surface. In any case, the Ba 3d core
level does not show any significant shift when comparing the sublima-
tion of BaCl, on bare or functionalized gold surface (as shown in Fig.
5.7), suggesting that there is no change in the Barium chemical oxida-
tion state [103]. Because of this lack of stoichiometry, we refrain from
using BaCl, ML to refer to the amount of sublimated molecules and,
instead, we will refer to the Ba®" ions per FBI molecule. The amount
of Ba*"(Na™) per FBI molecule were estimated by computing the ratio
0 = Ip,/(IN/3) - SN/ Spa, where Ip,, Iy are the total areas of Ba 3ds
and N 1s core levels respectively, and Sp, = 25.84, Sy = 1.80 are the
corresponding atomic sensitivity factors [104]. The factor 3 responds
to stoichiometric reasons, considering 3 N atoms per molecule.

After sublimation of 0.80 Ba>* per FBI molecule (Figure 5.3b) the
molecular core levels slightly shift. Even though the three core levels
slightly shifted toward higher binding energies, the magnitude of each
shift is different, being the highest for O 1s (upward shift of 0.5 eV).
Since each shift is different in size, there must be a chemical change
and not charge doping (associated to non reacted ions), which would
show a rigid shift of all core levels. According to the O 1s core level
curve fitting, the peak width grows and a new component has to be
introduced at a higher BE position, as shown in figures 5.3d and 5.6.
The new component, added to the non-chelated FBI component at
532.95 eV, is centered at around 533.9 eV, position consistent with O-Ba
interaction (chelated crown ether)[98]. This new component remains
unshifted even for 65, above one Ba?>" ion per FBI molecule, as can be
seen in Figure 5.3c, where the 0, was increased up to 3 Ba>" per FBI
molecule.

Figure 5.3e shows the evolution of the O 1s for incremental amounts
of Ba®" ions, from 0 to almost 0.5 Ba®* ions per FBI molecule, on 0.9ML
of FBI on Au(111). There is a monotonous shift toward higher binding
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energies of the maximum of the spectra. Once BaCl, is added to the
sample, the O 1s peak width increments by 9% FWHM and, again,
a new component at around 533.9 eV is necessary to properly fit the
core level spectrum. This new component remains constant in energy,
and only its intensity changes (the fit is included in Fig. 5.7). However,
quantification is complicated because of the close proximity of the
right tail of the Au 4ps,, core level (as shown in Fig. 5.7). The O
1s spectra shown in Figure 5.3d and e were plotted after subtracting
the contribution of the Au 4p3,, core level in order to emphasize the
spectral changes.

The spectra fitting was performed using custom-made software
written in Python and the Imfit library [105]. An example of fit can be
seen in Figure 5.6. The core levels were modeled as a pseudo-Voigt
function (Lorentzian to Gaussian ratio of 0.6) convoluted with a Shirley
type background. The error in the estimation of the position of the
maxima derived from fitting is 50 meV. However we only consider
as significant shifts higher than 100 meV, which is the energy step we
use in the adquisition. The goodness of fit is given by a x? parameter
of about 0.05 counts (in A.U.) when the data are normalized to a
maximum intensity of 1. Here x> = Y,;(y; — Y;)?/Y;, where y; and
Y; are the data intensity values and the expected values from the fit
respectively.

It is important to note at this point that, even when the number
of Ba ions per molecule permitted it, we never observed a complete
chelation of the FBI. It is challenging to determine whether this is
due to ineffective chelation or to the experimental setup, as the latter
certainly limits it. To demonstrate the Ba>* trapping by FBI molecule
the XPS experiment needs a coverage below or close to the monolayer
to avoid interference from molecular stacking (FBI molecules forming
multilayer structures). Under these conditions, sublimated BaCl, can
still form islands on bare gold regions (as we have seen in the STM
images). This can prevent them from participating in the chelation
process.

To evaluate whether the nature of the ions has any influence on the
oxygen core level shift for the FBI molecules, we tested the chelation
with Na™ . We selected this ion because it was also the choice of the
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Figure 5.6. Detail of fitting components (dotted lines) for O 1s in FBI 0.6 ML
(green) and FBI 0.6 ML + BaCly, 0, = 0.8 (blue) from Figure 5.3 (a) and (b).
Circles and solid lines represent raw data and best fit respectively. The green
component was fitted to the unchelated FBI data (green circles) at 532.95 +
0.05 eV, with width 2.16 £ 0.04 eV at FWHM. This component was then fixed
in position and width for the chelated FBI data (blue dots). An additional
component was fitted to the chelated FBI CL, shown as blue filled area, at
533.91 + 0.05 eV, with 1.41 + 0.05. These values were obtained from the fit as
free parameters. The background of each curve is shown as dashed lines in
green and blue respectively. Inset: same blue curve and components with its
background subtracted.

only prior study in which crown ether was chelated on surfaces [98].
Figure 5.3c shows the O 1s, N 1s and C 1s core levels measured on 0.6
ML of FBI on Au(111) before and after the sublimation of fn, = 2.60
per FBI (6N, is computed analogously to 6g,). The maximum of the
O 1s core level shifts again for Na™ -chelated FBI molecules 0.5 eV
toward higher BE, while there is no apparent shift on the N 1s (nor C
1s) core level. This results reveals that N 1s is not as involved in the ion
trapping as before. This difference between Ba’*- and Na™ -chelation
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Figure 5.7. O 1s (right) and Ba 3d5,, (left) core levels evolution measured
for FBI on Au(111) with subsequent evaporation of BaCl, (data on Fig. 2e).
The Ba 3d5, core level is always centered on 780.9 eV. The spectrum of BaCl,
directly deposited on bare Au(111) also appears centered on 780.8 eV where
the Ba is in the +2 oxidation state. Inserted is the spectral region around the
Au 4p;/, and O 1s core levels. Spectra corresponds to clean Au (111), 0.9 ML
of FBI, FBI after chelation with 0.42 Ba?* ions per molecule.

can be interpreted as a first proof that the molecular conformation of
FBI and the cation-phenyl interaction varies depending on the nature
of the trapped ions. This result agrees the theoretical calculations,
where almost no FBI distortion is predicted upon chelation with Na™
as it is discussed next.

5.4 DFT calculations of most stable conformation of FBI-G1
upon chelation

As discussed in Chapter 3, calculations demonstrated that, upon chela-
tion, the most stable configuration was that where the Ba*" ions ended
in the presenting coordination bonds with N, phenyl ring and O atoms.
Based on them, we compute the chelation of the FBI with BaCl,. As
starting point we located the BaCl, on top (forming a concave com-



74  Chapter 5. On-surface Ba®" trapping by first generation of FBI

plex) the crown-ether ring and we left the system to evolve to the
most stable configuration. As it can be seen in Figure 5.8a, the final
geometry resembles that calculated before, meaning that conformation
is maintained regardless of the ion source (naked Ba®" cation or BaCl,
salt). The N- - - Ba?*, Ph- - - Ba®" and crown ether- - - Ba>" bonds are
preserved on passing from naked Ba*" cation to BaCl, salt. These
geometries show a computed root-mean-square deviation value of
RMSD = 2.83 A, excluding the two chloride anions.

We have also computed another coordination pattern, forcing the
Barium cation to interact with the sensor from the outside, namely
through the convex face of the crown ether connected to the fluo-
rophore. In this case, the Ba®" ended interacting only with the crown
ether forming a convex complex, as it is shown in Figure 5.8b. In this
case, all the O- - - Ba*" distances are very similar and lie in the 2.83 -
2.87 A range. The only N- - - Ba?" interaction exhibits a slightly larger
distance of 3.13 A. Therefore, this complex has a more restricted coor-
dination pattern since both Ph- - - Ba*>" and N- - - Ba>" are not available.
Consequently, the convex complex is 7.4 kcal/mol (6.9 kcal/mol if
Gibbs energies at 298 K are considered) less stable than the previously
mentioned concave complex. This means that, thermodynamically,
the latter should be ca. 3.0 x 10° more abundant than the latter. How-
ever, if the sensor is adsorbed on the surface and the concave face is
kinetically less accessible, perhaps the formation of a minor amount of
the convex complex cannot be completely ruled out, although even in
this rare event the metastable convex complex should evolve towards
the thermodynamically more stable concave one.

Finally, we have also computed the situation were FBI is posi-
tioned on the periphery of the crown ether rather than close to the
center. However, the most stable conformation is that in which Ba®* is
trapped in the concave part (fully optimized geometry shown in Fig.
5.8a). The ions starting in a lateral position with respect to the crown
ether find a metastable conformation with all the O-Ba*" equidistant.
These calculations rule out two possible causes of the O 1s core level
shift: chelation of molecules at the edges of the BaCl, islands, and
interactions between BaCl, (Ba®") and the periphery of the crown
ether. Therefore, in terms of XPS, it seems reasonable to interpret the
O 1s core level shift as a chelation fingerprint.
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Figure 5.8. Graphical representations of the RMSD associated with fully
optimized geometries (B3LYP-D3B]/6-31G*&LANL2DZ level of theory) of: a)
FBI molecule coordinated to a naked Ba®T cation (gray) and to BaCl, (green);
b) FBI molecule coordinated to a naked Ba?" along the convex face of the
crown ether. Hydrogen atoms are not shown.

5.5 Molecular structural rearrangement induced by chelation

In order to visualize the structural changes undergone by the FBI
molecules upon chelation, STM experiments were carried out again.
Figure 5.9a shows the schematic representation of the most stable
conformation calculated for the molecules in gas phase before and after
chelation with Nat and Ba®" (corresponding to optimized structures
in Fig. 5.10). In all cases the crown ether ring is out of the plane
with respect to the fluorophore, and in the case of the Ba>*-chelated
molecule, this group is folded over the fluorophore. For molecules
lying on a surface, we expect to have the fluorophore parallel to the
substrate, and the crown ether region out of the plane, as the STM
images (Figure 5.9b-d) corroborate.

In the three images, the fluorophore and the aza-crown ether re-
gion are distinguished. In the case of Na™ -chelated FBI identification
is easier than for Ba?"-chelated because the image remains almost
unchanged compared to the non-chelated FBI. FBI chelated with Ba?*
has a more complex shape. Interpretation of constant current mode
STM images is always difficult because of the convolution of topo-
graphical and electronic contributions. To reduce as much as possible
the influence of the latter, the images included in Figure 5.9b-d were
measured using bias voltages inside the molecular gap. Taking into
account that the three STM images are plotted with a common color
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Figure 5.9. (a) Representation of the most stable conformation calculated for
the molecules in gas phase. (b-d) STM images of (b) Na™ -complexed (U =
0.9 V,1=60pA), (c) native (U=1.4V,I1=60 pA), and (d) Ba2+—c0mplexed (U
=-0.5V,1=20pA) FBL (Scale bars = 0.3 nm) (e) STS spectra of native (green),
Na™ -complexed (red), and Ba2+—comp1exed (blue)FBI.

code, it can be directly observed that the apparent heights of the crown
ether follow the expected trend (higher for Ba>"-chelated molecule).
Indeed, the apparent height for each molecule, as measured on the
highest point of the crown, is 2.5 + 0.1 A, 2.1 + 0.1 A, and 2.9 4+ 0.1
A, for the pristine FBI and the Na™ - and Ba’*t-chelated molecules re-
spectively. Thus, complexation of crown ethers with alkali metals like
Na™ causes the oxygen atoms to point to the center, forcing the ring
to adopt a flatter conformation relative to the native molecule. Instead,
the FBI molecule adopts a more three-dimensional conformation upon
chelation with Ba®". It is worth mentioning that the aspect of these
STM images resembles the electron density simulations associated
with the most stable conformers shown in Figure 5.9a (electron den-
sity simulations shown in Fig. 5.10). To establish a more quantitative
relationship between apparent molecular structural modification and
chelation, scanning tunneling spectroscopy (STS) measurements were
performed.
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FBI-Na+ C) FBIl-Bat+

Figure 5.10. Fully optimized structure (top) and the electron density surface
associated with the most stable conformer (bottom) for: a) FBI-Na™ complex
computed at the BSLYP-D3BJ/6-311++G(d,p)&LANL2DZ level of theory.
The cation Na™ interacts only with the crown-ether, which bends slightly.
Since this cation is smaller than Ba?™, it does not occupy all the coordination
positions, i.e. it does not interact with the phenyl ring nor with the nitro-
gen from the fluorophore; b) MM—- MC conformational analysis (OPLS3e
force field) of FBI. The Ball & Stick representation corresponds to the most
stable conformation. The other structures correspond to the ten most stable
conformers within 0.0-4.8 k] /mol; c) fully optimized structure of FBI-BaCl,
complex computed at the B3LYP-D3BJ/6-311++G(d,p)&LANL2DZ level of
theory. Bond distances are given in A.

STS permits to scan the local density of states and to visualize the
orbitals around the Fermi level, i.e. the Lowest Unoccupied Molec-
ular Orbital (LUMO) and the Highest Occupied Molecular Orbital
(HOMO). Calculations done by DFT in Ref. [75] reveal that these
frontier orbitals change their relative distances upon chelation (the
HOMO-LUMO gap is higher for Ba*"-chelated molecules than for
native ones). Moreover, for both unchelated and Ba?>"-chelated FBI
molecules, these orbitals are mainly located at the fluorophore region
(the benzoimidazoindolizine group). This is an advantage because
we can scan the local density of states on the fluorophore region by
STS and correlate the spectral changes with the variation in the elec-
tronic structure of the whole molecule. Thus, figure 5.9e shows the



78  Chapter 5. On-surface Ba®" trapping by first generation of FBI

Species | Band gap / eV (nm) | A% /nm | AST /nm
FBI 3.17 (391.1) 4325 489

FBI-Na™ 3.31 (374.6) 430 489

FBI-Ba?" 3.63 (341.6) 420.5 428

Table 5.1. Band gap values measured by STS on Au(111) vs. absorption

(A2bs ) and fluorescence emission (ASML) spectral peaks measured in solution

[75].

associated STS measured for the three molecules of figure 5.9b-d in
the fluorophore region. The FBI molecule deposited on Au(111) has
a HOMO-LUMO gap of 3.17 eV. Complexation with Na*t slightly
changes this band gap, while complexation with Ba*" increases it up
to 3.63 eV.

The DFT calculations also show that the lowest fluorescence emis-
sion peak of the non-chelated FBI molecule mainly comes from the
de-excitation of electrons from the LUMO to both HOMO and HOMO-
1. For Ba*"-chelated molecules, the torsion of the phenyl group de-
creases the effective 7r-conjugation and promotes the LUMO-HOMO
transition over the LUMO-HOMO-1 as the lowest emission channel.
By STS we observed a clear variation in the electronic gap upon chela-
tion with Ba?*: the LUMO-HOMO gap increases, which explains the
blue shift fluorescence emission spectra measured in solution (Table
5.1).

For Na™ , while there is a small variation of the electronic gap, the
molecule remains planar. This planarity of the molecule after chelation
does not modify the 7r-conjugation, which is still extended into the
phenyl ring. Therefore, the LUMO-HOMO distance does not signifi-
cantly change. However, this small shift seems to be in contradiction
with the fluorescence measurements, where no shift was measured
for Na™ -chelated FBI molecules compared to unchelated FBL. While
the magnitude of the HOMO-LUMO gap defines the maximum emis-
sion energy, the closely-spaced vibrational energy levels in the ground
state result in a distribution of photon energies. As a result, fluores-
cence is normally observed as intensity over a band of wavelengths
rather than a sharp line. Hence, the small gap modification we have
measured by STS could produce a correspondingly small shift in the
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Figure 5.11. (a) chelation on Cu(111) sublimating BaCl, and NaCl (inset); (b)
chelation on ITO. In this case, the substrate component (Orrp) was subtracted
to emphasize the O 1s contribution coming from FBI (Opp;). The entire spectra
are shown inserted in (b). Dot spectra correspond to raw values and solid
lines to fitted curves.

emission spectra. However, this shift would be undetectable because
of the broadness of the spectra. Table 5.1 summarizes the absorption
and fluorescence emission maxima A% and A% associated to the
transition of electrons from HOMO to LUMO+n states (absorption),
as well as from LUMO, to HOMO-#n (fluorescence). Unfortunately,
because of the metallic character of the substrate we cannot measure
the fluorescence emission directly on gold (the excitation energy is

dumped to the metal without further emission).

5.6 Chelation tested on different surface support

Finally, we have observed that chelation also takes place on other
surfaces, in particular Cu(111) and Indium Tin Oxide (ITO). We chose
Cu(111) because it is a more reactive substrate. This enabled us to
study whether the molecule-substrate interaction could alter the chela-
tion response. On the other hand, ITO was selected as a promising
candidate for the potential implementation of a Barium tagging de-
tector on a xenon-based TPC [75]. As degenerated semiconductor,
ITO is transparent, which would allow the direct detection of fluores-
cence in transmission. Furthermore, its conductivity is high enough to
guide the Ba>" ions towards the sensor surface, thus facilitating their
capture by FBI. On the other hand, the conductivity of ITO may be
potentially low enough to avoid the fluorescence quenching that is ex-
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Figure 5.12. O 1s core level of FBI on Cu (111) (green) and FBI-BaCl, in
different doses. The shift toward higher BE is still present for these concen-
trations of Ba?t (blue arrow). The shoulder at low BE (531 eV) from Cu,O
contamination grows with the exposure to the evaporator (purple arrow).
This is due to the higher concentration of oxygen in the evaporation module,
which had a slightly higher pressure than the characterization module.

pected at conductive surfaces. Prior to molecular deposition, Cu(111)
and Indium Tin Oxide (ITO) surfaces were cleaned via cycles of Ar
sputtering and annealing to 500 °C and their cleanliness was checked
by XPS. The agreement between experiments performed on different
substrates and subsequent preparations confirmed the reproducibility
of the evaporation and chelation processes.

As previously discussed, we focus again on the O 1s core level to
see whether the conclusions extracted before about its shift apply also
on these surfaces and we can use it as a fingerprint of the chelation.
Figure 5.11 shows the O 1s core level of FBI on Cu(111) and ITO. We
used a Ba?" dosing of 6, = 10 for 0.6 ML of FBI on Cu(111) and
0ga = 17.5 for 0.7 ML of FBI on ITO. In both cases, we observed the
chemical shift on the O 1s towards higher BE, indicating that chelation
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is happening. In the case of Cu(111), the shift is about 0.7 eV, while for
ITO is around 0.9 eV. As far as ion capture is concerned, FBI chelation
of Nat on Cu(111) was also tested with 6N, = 3.6. Again, O 1s shows
an upwards shift associated with chelation (inset in Figure 5.11a).
Figure 5.12 shows how O 1s shifts for low g, doses on Cu(111), with
a similar evolution as the one observed on Au(111) for low 6g, doses
(in Figure 5.3d).

Quantifying the exact values of the O 1s core level shift, and the
chelation efficiency was not possible. Notice that in the case of Cu(111),
when the FBI-functionalized surface is exposed to BaCl,, the residual
contamination partially oxidizes the surface. For this reason, the core
level has a smaller component at lower BE, around 531 eV (see Fig.
5.12), associated to CupO [92]. On the other hand, because of the pres-
ence of oxygen in the ITO structure, the analysis of the O 1s core level
shifts required a subtraction of the core level measured on the bare
ITO to highlight the FBI and Ba’" chelated FBI contributions (Ogpg1).
The result of the subtraction is shown in Figure 5.11 b), and the inset
gathers the original normalized spectra, including the contribution to
the O 1s coming from the ITO (O;10).

These results ensure that chelation is independent from the choice
of substrate, even though the values of the shifts are different for the
three substrates. In photoemission, the absolute value of the core level
shift depends on many factors such as the substrate, the molecular
coverage, the presence of defects or other molecules. However, what
is important here is that in the three cases the core level shifts in the
same direction and with similar magnitude.

5.7 Conclusions

To summarize, by combination of highly sensitive surface science tech-
niques, we have unraveled the chemical and conformational changes
that occur upon chelation of FBI molecules. We started with Au(111), a
well-known surface that served as model, and moved on toward more
suitable surfaces. Furthermore, the changes are in agreement with the
calculations for the behaviour of free standing molecules. Regarding
the bicolor property of the sensor: fluorescence emission could not be
directly measured because of the metallic character of the substrates.
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Nonetheless, the measured variations in the molecular HOMO-LUMO
gap are consistent with the observed emission shift for Ba?*-chelated
molecules. Moreover, they are also consistent with the absence of such
shift, observed and predicted for other ions, such as Na™ .

The demonstration of Ba*" chelation in vacuum of FBIs deposited
on a surfaces in submonolayer regime is a major step towards the de-
velopment of a sensor capable of single barium tagging. Furthermore,
this study has also important implications beyond the field of particle
physics. Aza-crown ether groups have demonstrated to chelate alkali
ions with high affinity in solution. Here we showed the capability of
these molecules to trap big or small ions (Ba>" or Na* ) on surfaces
too. This could have important applications in drug carriers [106],
photo-switching devices [107, 108] or different types of ion sensors.

We demonstrate that Ba?" ions induce molecular conformation
changes, modifying the electronic structure that would affect the flu-
orescence emission at suitable surfaces (see model in Figure ??). In
addition, the FBI molecules are arranged in a monolayer and sub-
monolayer regime. This is, therefore, a crucial step toward the devel-
opment of a Ba*" detector.

All the indicators developed by the NEXT experiment are based on
crown ethers. Because of their capability to capture a variety of guest
species, including metal cations, protonated species and neutral and
ionic molecules [109], crown ethers [110] have been extensively used
to recognise and trap metal or molecular ions [111, 112]. However,
they have been poorly studied in solid state. Few examples can be
found in the literature where self-assembled monolayers of crown
ether derivatives have been grown and used on surfaces. Moreover,
in all previous studies, either the growth or ion trapping or both
have taken place in solution [113-115]. There are only two works,
as far as we know, where crown ethers were deposited under UHV
conditions [77] and their metal trapping capability was proven also
under UHV [98]. Thus, in addition to the progress relevant for a future
OvBpB experiment, the work presented here advances substantially the
understanding of the physico-chemical properties of crown ethers
immobilised on solid surfaces.
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As introduced in chapter 3, by modifying the FBI molecular struc-
ture, it is possible to shift in fluorescence emission before and after
chelation with Ba*" ions. In this chapter the response of new members
of the FBI family on surfaces is explored, in particular the FBI-G2 and
FBI-G3. These new molecules were designed and synthesized with the
objective of maximizing their Ba®* chelation efficiency and the color
shift thus induced. The photophysics studies in solution concluded
that FBI-G2 undergoes the maximum color shift with no contribution
from the unchelated molecule. FBI-G3 performed well too (although
in solution the unchelated and chelated emissions overlapped) and is
therefore considered another promising alternative to FBI-G1. In this
chapter we build on the results from chapter 5 and characterize the
chelation with Ba** of the new molecules on surfaces.

First, we repeat their deposition under UHYV, following the pro-
cedure used for FBI-G1, and explore their chelation using a barium
salt, BaCl,. We observe, again, the lack of stoichiometry in the BaCl,
salt when deposited on FBI functionalized surface, as it happened for
FBI-G1. We ascribed this effect to partial desorption of the chlorine
atoms from the surface. We examine this effect in more detail in this



84 Chapter 6. Ion trapping on Au(111) by next FBI generations

T S FBI-G3
& w Fuls Q (0.9 ML) —

:

O ©05 ML)(O/—\O3
=N
N N Q
9 cus D v [ ;//;/ \ Co o
| n/

Binding Energy (eV)

Figure 6.1. XPS spectra of FBI-G1 (0.7 ML, green), FBI-G2 (0.5 ML, red) and
FBI-G3 (0.9 ML, orange) on Au(111) in the regions of O 1s (a), N 1s (b), C 1s
(c) and Au 4f (d). The spectra have been normalized to the Au 4f intensity to
compare the relative intensities of the different FBI generations. The spectra
were manually shifted in the y-axis for clarity. For the panels a)-c) the dots
correspond to raw values and the solid lines to fitted curves.

chapter and argue that molecules of the FBI family can be used to
induce dechlorination reactions on surfaces. Moreover, we investigate
the chelation of FBIs with another cation aside of Ba>": Fe?* . We
again confirm that both effects take place with FBI-derivatives on gold
surfaces in UHV.

6.1 Evaporation of FBI-G2 and G3 in UHV

FBI-G2 and G3 were deposited on a Au(111) surface by sublimation in
UHYV and we used XPS to characterize their chemical composition. We
compared these spectra to the ones recorded with FBI-G1 in chapter 5.
The results are collected in figure 6.1. The three molecular core levels O
1s, N 1s and C 1s are shown in Fig. 6.1a, 6.1b and 6.1c, respectively. All
spectra were normalized to the Au 4f intensity shown in Fig. 6.1d (the
lines have been manually shifted in the y-axis for clarity). The dots
correspond to raw data and the solid lines to fitted curves. The green
data corresponds to FBI-G1 (same spectra as in Fig. 5.3), the red data
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to FBI-G2 and the orange data to FBI-G3. The positions and relative
intensities in all molecular core levels agree with that of FBI-G1, except
for the intensity of the FBI-G3 spectrum in the C 1s region, since this
molecule contains 6 extra C atoms. The fits to the core levels in the
C 1s region contain two components centered each at 284.7 and 286.0
eV, respectively. The former, more intense, corresponds to C-C bonds,
whereas the latter includes contributions from C-O and C-N bonds.
The relative intensities of the components agree with having intact
molecules. In the case of FBI-G1 and G2, the areas of the C-C and
C-O/C-N components have a ratio 1.5:1, which is compatible with
having 26 C-C bonds and 17 C-O+C-N bonds. In the case of FBI-G3,
the C-C and C-O/C-N components, the area ratio is 1.9:1, since it
contains 32 C-C bonds and 17 C-O+C-N bonds.

In the N 1s region, all molecules present a faint peak around 400.4
eV. The position of the maximum is compatible with the enamine-
imine groups of the molecular composition. Finally, the O 1s core level
presents a single component peak centered at around 533.0 eV, which
is compatible with previous reports on closely related crown ether
groups. The ratios between the core levels for FBI-G1 and G2 are C/O
=6.0, C/N = 10.3, which agrees with having molecules of C3;N305H35
stoichiometry on the surface. In the case of FBI-G3, the ratios are C/O
= 8.0, C/N =11, in agreement with a stoichiometry of C3yN3O5Hzo.
Therefore, we conclude that FBI-G2 and G3 sublimate intactly too.

In chapter 5, we further confirmed the intact sublimation of FBI-G1
molecules by STM, and the chemical characterization of FBI-G2 and
G3 agrees with the expectation from FBI-G1. As an additional test, we
used STM to confirm that the FBI-G2 molecules sublimated intactly.
We deposited a submonolayer of FBI-G2 molecules on Au(111) and
imaged the sample at 4 K. These molecules tend to form dimers, as
can be seen in the large scale STM image in Fig. 6.2a. The molecules in
the dimers can be arranged in different orientations, but the most com-
mon is shown in the zoom image in Fig. 6.2b together with a model of
the two molecules. The crown-ethers appear as a three-dimensional
(i.e. non-planar) triangular-lobed structure. The crown-ethers interact
with the fluorophores, which are flatter and therefore present a more
less prominent shape. This interaction seems to cause the electronic
structure of the fluorophore to bend around the crown ether in an ap-
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a)

Figure 6.2. STM images FBI-G2 on Au(111) measured at 4 K. (a) Large scale
STM image (50 x 50 nm?) of FBI-G2 forming a submonolayer of dimers on
Au(111). (b) Constant current zoom of a FBI-G2 dimer. (¢) Constant current
zoom of an individual FBI-G2 molecule attached to an Au adatom. Images
acquired at V=-1V, I=5 pA.

proximate V-shape. This tendency of FBI-G2 to form dimers is clearly
dissimilar to the trend of FBI-G1, which forms molecular islands (see
Fig. 5.4a). The difference in structure formation between FBI-G1 and
G2 highlights how the behaviour of molecules on surfaces can change
radically even if the only difference in chemical structure is a C-N
permutation. Individual molecules were also found in the sample, as
shown in Fig. 6.2c. In this case the crown-ether could be attached to
an Au adatom from the surface. Moreover, since the fluorophore is
not interacting with any other crown-ether, its V-shape is not visible
anymore and instead appears more lobular.

These STM results are still preliminary and will be covered in more
detail in [116]. These images were recorded thanks to the collaboration
of the group of Prof. Jorge Lobo and Prof. David Serrate from the
Instituto de Nanociencia y Materiales de Aragén (INMA) in Zaragoza.
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6.2 Chelation of FBI-G2 and G3 with Ba?™ in UHV

Once the presence of intact FBI-G2 and G3 molecules on the surface
was confirmed, BaCl, was sublimated to test the molecular chelation.
Figure 6.3 and 6.4 show the XPS spectra measured for subsequent
depositions of BaCl, on Au(111) covered with 0.5 ML of FBI-G2 and 1.2
ML of FBI-G3, respectively. Even though the Cl1 2p spectra is not shown,
it is worth mentioning that upon BaCl, addition we detect fluctuations
in the Ba:Cl ratio. This is due to partial desorption of Cl atoms from
the surface, as it happened for FBI-G1. However, the Ba 3d core level
does not show any significant shift when comparing the sublimation
of BaCl, on bare or functionalized gold surface, suggesting that there
is no change in the Barium chemical oxidation state.

In figure 6.3 the red data represents the unchelated FBI-G2 layer
(fBa = 0), with a coverage of 0.5 ML (the same as the orange lines in
fig. 6.1) and the subsequent spectra corresponds to increasing doses
of Ba>* from less than 1 Ba ion per molecule to nominal 1.5 Ba*" per
molecule. The evolution of the core levels with progressive dosing of
Ba”" is highlighted by the solid black line joining the maxima of each
curve. In general the core levels shows slight shifts toward higher BE,
as in the case of FBI-G1. The absolute magnitude of the shift varies,
being almost undetectable for C 1s, but not for O 1s and N 1s.

The maximum shift takes place in the O 1s is AE =-0.7 eV for 03,
= 1.5 with respect to 0, = 0. This energy shift is much larger than in
the cases of FBI-G1 and G3. The maximum N 1s level shift is AE =
-0.5 eV. Similarly to the case of FBI-G1, the N 1s peak notably shifts,
whereas the C 1s peak does not, suggesting that the nitrogen in the
benzoimidazoindolizine group is interacting with the Ba>™ ion. This
agrees with DFT simulation as I will show below.

Similar results are obtained for FBI-G3. The red spectra in Fig. 6.4
represent the unchelated FBI-G3 molecule and the rest are measure-
ments upon BaCl, sublimation. The evolution of the core levels with
progressive dosing of Ba®" is shown as a solid black line joining the
maxima of each curve. In this case, the N 1s core level does not visibly
shift, and the maximum shift for the O 1s level shift is AE =-0.3 eV for
0g, = 1.39. When Ba?" is added the O 1s core level becomes wider and
a new component has to be introduced at a higher BE position. The
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Figure 6.3. XPS spectra of FBI-G2 (0.5 ML, red), on Au(111) in the regions
of Ba 3d5,; (a), O 1s (b), N 1s (c¢) and C 1s (d) for different BaCl,dosing 6g,:
0.49 (orange), 0.92 (dark green) and 1.5 (light green). The spectra have been
normalized to the Au 4f intensity (not shown). The spectra were manually
shifted in the y-axis for clarity. For all panels the dots correspond to raw
values and the solid lines to fitted curves.

non-chelated FBI-G3 has a single component at 532.95 eV, while for
chelated FBI-G3, the new component is centered at around 533.9 eV,
position consistent with O-Ba interaction (chelated crown ether)[98].

It is worth noting that in the case of FBI-G1 chelation with Ba*" the
shift toward higher BE was mostly produced in the O 1s and N 1s core
levels, while the C 1s peak barely shifted. In this case, the C 1s shows
a clear evolution with the Ba*" dosing, suggesting that in this case, the
extra phenyl ring in FBI-G3 is being affected by the interaction with
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Figure 6.4. XPS spectra of FBI-G3 (1.2 ML, red), on Au(111) in the regions
of Ba 3d5,; (a), O 1s (b), N 1s (c) and C 1s (d) for different BaCl, dosing
Opa: 0.33 (orange), 0.47 (tangerine), 0.53 (green), 0.74 (cyan), 1.16 (blue) and
1.39 (indigo). The spectra have been normalized to the Au 4f intensity (not
shown). The spectra were manually shifted in the y-axis for clarity. For all
panels the dots correspond to raw values and the solid lines to fitted curves.

Ba’Tinstead of the N 1s, as predicted by the DFT simulations.

The behavior of FBI-G2 and the three sub-variants of FBI-G3 upon
chelation with Ba?" was studied using DFT. The main results are
shown in figure 6.5. All structures shown in Fig. 6.5 are optimized
at the B3LYP-D3BJ/6-311++G**&LanL2DZ level of theory and the
bond distances are given in A. In all four cases, the Ba?" ion interacts
with the five oxygen atoms in the crown-ether, and phenyl ring via 7-
complex. For FBI-G3a (Fig. 6.5a), the second phenyl ring also partakes



90 Chapter 6. Ion trapping on Au(111) by next FBI generations

‘(Yk

FBI-G3a

00
/N\h/h(

RTNSN \_/H\\_/FQO\_/O)
c) J“ \
l(’!
&FB| -G3c —
Ay ¢
) —g N 0,
SR Wal Lo o)
Figure 6.5. Optimized geometries of FBI-G3 and G2 coordinated with Ba®"
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c) FBI-G3¢c, X=Z =N, Y = H and d) FBI-G2. Bond distances are given in A.

in the chelation via 7t-complex. In the cases of FBI-G3b and G3c (Fig.
6.5b and 6.5¢, respectively), the interaction is with the nitrogen atoms
in the second aza-phenyl rings. In the case of FBI-G2 (Fig. 6.5d) the
nitrogen in the benzoimidazoindolizine interacts with the Ba2t ion,
equivalently to the case of FBI-G1.

6.3 Chelation of FBI-G2 and G3 with Fe?t in UHV

In chapter 5 we saw that Na™ could be chelated by FBI-G1, although
the ion was located on the center of the crown-ether without affecting
the structure of the fluorophore. In order to test the capacity of FBI-G2
and G3 to chelate other ions, we carried out a series of experiments
involving Fe?" chelation. We evaporated FeCl, salt on FBI-G2- and
G3-functionalized Au(111) and performed XPS and NEXAFS. The
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Figure 6.6. Model of FBI-G2 and G3 before and after chelation with FeCl,.
Schematic of the experiment we have carried out. FBI-G3 and FeCl, were
deposited on Au (111), then the sample was annealed to ~ 120 °C and
dechlorination was observed.

experiments were conducted at the ALOISA beamline of the ELET-
TRA synchrotron. Since these experiments were performed using
synchrotron radiation and grazing incidence, the resolution is much
higher than for the previous results, which were obtained using a non-
monochromatic Al K, source. Therefore, more detailed information of
the sample can be obtained.

The experiment we carried out is presented in schematic form in
Fig. 6.6. The FBI molecules were evaporated on a Au (111), then ana-
lyzed by XPS to determine the chemical composition and by NEXAFS
to study the geometrical absorption conformation. Then FeCl, salt
was sublimated and again XPS and NEXAFS were used to follow the
chemical and structural changes. Finally, we annealed the substrate
to check the stability of chelated FBI molecules and to test whether
increasing the temperature improves the chelation efficiency.

A coverage of 0.45 ML was estimated using a quartz microbal-
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Figure 6.7. (Top) XPS of free FBI-G2 on Au(111) (red lines) and after Fe>*
chelation (green lines). (Bottom) XPS of free FBI-G3 (orange lines) and after
Fe?t chelation (blue).

ance. The layer thickness was converted into coverage by assuming a
molecular radius of 1 nm.

Figure 6.7 collects the XPS spectra of FBI-G2 (6.7a-c) and G3 (6.7d-
f) in the regions of O 1s, N 1s and C 1s core levels. The red lines
correspond to free FBI-G2 molecules and the green lines correspond to
a FeCl, dosing of 0.33 per FBI-G2 molecule. The dosing was estimated
by comparing the FeCl, and FBI-G2 coverages. The O 1s core level (Fig.
6.7 a) shows clear changes after this dosing. Before FeCl, addition, the
peak is centered on 532.7 eV, and can be fitted with a single dominant
component (red). Upon addition of FeCl,, two clear components are
visible. The main component of the peak appears at 533.3 eV (green
line). This shift toward higher BE is the same effect that takes place
for Ba?" chelation of the three FBI molecules. The component seems
to be shifted toward lower BE, peaking at 532.3 eV. This is something
we could not observe with long non-monochromatic Al Ka. It seems
to indicate that upon chelation there are two dispositions for the O
atoms: those pointing toward the Fe*™ ion and those pointing away
from the ion.

The N 1s core level (Fig. 6.7b) presents two clearly different com-
ponents: one slightly more intense at 401.2 eV, associated to the two
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enamine nitrogens (one in the aza-crown-ether and one in the fluo-
rophore) and another component at 399.8 eV associated to the imine
nitrogen in the fluorophore. The N 1s core levels does not visibly
change with this dosing of FeCl,.

Chelation affects the C 1s core level more tenuously (Fig. 6.7c).
The C 1s peak contains two components, at 284 eV (C-C bonds) 285.2
eV (C-O and C-N), respectively. Addition of FeCl, causes the latter
component to shift slightly toward higher BE (285.7 eV).

The molecular core levels of the FBI-G3 are shown in Fig. 6.7(d-f).
In this case, the coverage of the sample was 0.5 ML. The core levels
of the free FBI-G3 molecule (orange lines) present several features
different from those of FBI-G2: the main component of the O 1s peak
appears at higher BE (532.9 eV) and a second component at 531.8 eV.
This difference reflects a difference in the chemical environment of
the oxygen between the two molecules. FBI-G3 is expected to have
more flexibility and its crown can therefore be more detached from
the surface. We associate the two components to oxygen atoms with
different degrees of interaction with the Au substrate. The small
component at low BE would correspond to oxygen atoms closer to the
surface and the main component to atoms farther away from the Au.

For chelation, we evaporated FeCl, reaching a ratio of g = 0.32
Fe?* ions per FBI-G3 molecule. Chelation of Fe?* by FBI-G3 is again
clearly reflected in the changes in the O 1s peak (Fig. 6.8d). It seems
that the peak at 532.9 eV shifted only slightly toward higher BE, while
the peak at 531.8 eV appears to grow in intensity. The chelation with
a transition metal ion (Fe?" ) induces a different change than with
an alkaline earth ion (Ba*" and Na* ). The growth of the component
associated to O-Au interaction hints to the chelated molecule becoming
flatter. This may not be the case for FBI-G2 under these conditions,
since the stability provided by the dimerization may compete with the
changes induced by chelation with the ion.

The N 1s peak is also affected by Fe?" chelation: the two compo-
nents at 401.2 and 399.8 eV, respectively, remain in their positions but
become better resolved after adding FeCl,. This is due to a narrowing
of the component at higher BE and a relative increase in intensity of the
component at lower BE. On the contrary, the C 1s core level does not
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Figure 6.8. (Top) XPS spectra of FBI-G2 free (red), chelated (green) and
annealed to 150 °C (tangerine). (Bottom) XPS spectra of FBI-G3 free (orange)
and with two different doses of FeCly: 0p.= 0.29 (blue) and 0g.= 0.57 (purple)
The samples were annealed after each dosing of FeCl,, at 125 °C (red) and 150
°C (black), respectively, and two additional spectra were acquired at those
temperatures. (a,d) O 1s region, (b,e) N 1s region and (c,f) C 1s region.

change, which corroborates the possible planarization of the molecule.
Alternatively, this lack of change would point to the fact that, contrary
to Ba?t, Fe?* does not induce a molecular twist.

6.3.1 Effect of temperature

To study the effect of temperature on the chelation, the FBI-G2 sample
was annealed to 150 °C after FeCl, deposition. The corresponding XPS
spectra for the molecular core levels are shown as tangerine lines in
Fig. 6.8 (a-c). The red and green lines in those plots correspond to
the free and Fe?" -chelated molecules at RT (the same as in Fig. 6.7).
After annealing, the O 1s (Fig. 6.8a) component at lower BE (532.3 eV)
becomes as intense as the one at higher BE, following the same trend
as in the case of FBI-G3. The temperature may allow a reorganization
of the chelated molecules which competes with the stability provided
by the dimerization. Then, the same flattening upon chelation may
take place as in the case of FBI-G3.

The temperature also affects the N 1s peak (Fig. 6.8b): The com-
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ponent at lower BE (399.8 eV) becomes slightly more intense than the
one at higher BE (401.2 eV) after annealing the sample. The lower-
BE component is associated to the imine nitrogen in the fluorophore,
which can interact with the chelated ion. However, in the case for
Ba?" (section 6.2) the shift was toward higher BE, as in the O 1s. This
demonstrates that the response of the molecule to Ba>* chelation is
different to the response to Fe?* . The C 1s core level (Fig. 6.8c) does
not differ significantly after annealing from the previous state.

A similar temperature test was performed with FBI-G3. The molec-
ular core levels are shown in Fig. 6.8(d-f). The chelated sample was
first annealed to 125 °C (red lines), then a second FeCl, dose of Og.=
0.64 was added to the sample (purple lines). Finally, the sample was
again annealed up to 150 °C (black lines). The first annealing (red)
causes the lower BE component in the O 1s core level (Fig. 6.8d) to
grow further. The spectrum is very similar to the one of annealed
FBI-G2-Fe?" (Fig. 6.8a, tangerine line). The same happens in the N 1s
region, where the component at lower BE becomes more intense than
the one at higher BE.

The second FeCl, dosage (purple line) does not affect significantly
the spectra. However, after annealing the sample up to 150 °C (black
lines), the component at lower BE becomes the main one in the O
1s region. After this whole process, the position of the O 1s peak
undergoes a net shift of around 1.5 eV. The C 1s core level of FBI-G3
(6.8f) remains unchanged during all these stages.

All O 1s peaks in figure 6.7 were fitted using a Voigt model (0.7
Gaussian, 0.3 Lorentzian) with two components. From top to bottom,
the area relations between the component at higher BE with respect to
to that at lower BE are 0.36:0.64 (orange), 0.51:0.49 (purple), 0.49:0.51
(red), 0.65:0.35 (green) and 0.8:0.2 (blue).

Role of the counter-ion

In order to explore the role of the counter-ion, C1~, we contrast the
changes in the molecular core levels to those in the Fe 2p and CI 2p
regions. The latter are shown in figure 6.9. The top panel collects the
spectra of chelated FBI-G2 sample and the bottom panel the spectra
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Figure 6.9. XPS in the Fe 2p (a,c) and Cl 2p (b,d) regions. (Top) 2 ML of FeCl,
on prisine Au (111) (turquoise) compared to FeCl, deposited over FBI-G2
(green) and annealed to 150 °C (tangerine). (Bottom) Comparison between
FeCl, on pristine Au (111) (turquoise) and FeCl, deposited over FBI-G3 in
two doses g, = 0.32 (blue) and 6p, = 0.64 (purple), and annealed to 150 °C
(black). In both cases, the CI 2p shifts up to 1.3 eV to lower BE for the sample
with FBI with respect to the one without. Moreover the chlorine disappears
after the first annealing but the iron remains.

of chelated FBI-G3. The spectra of 1 ML of FeCl, on pristine Au
(i.e. without any FBI molecule underneath) is also included in all
four graphs for comparison. The position of the Fe 2p (Fig. 6.9a,c)
is constant for all the spectra, which confirms that the iron stays as
Fe?* during all states of chelation and annealing. Instead, the Cl
2p (Fig. 6.9b,d) shifts toward lower BE when deposited upon FBI
molecules with respect to the pristine FeCl, layer (turquoise). The
shift is -0.7 eV for Cl in chelated FBI-G2 (top, green line) and -1.3 eV
in chelated FBI-G3 (bottom, blue and purple lines). In both cases, the
chlorine disappears when the sample is first annealed (black and red
lines). This confirms the hypothesis that the counter-ions do not play
a significant role in the chelation of FBI molecules, as anticipated from
DFT simulations. In fact, the presence of FBI-G2 or G3 causes the
FeCl; salt to dissociate, as evidenced by the aforementioned shift with
respect to the pristine FeCl, layer. This effect is the same as observed
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Figure 6.10. Temperature-dependent XPS of FeCl,-chelated FBI-G3 (a) in the
Cl2p region during annealing up to 125 °C and of FeCl, deposited directly on
the Au (111) surface and annealed up to 150 °C (b). Cl desorption is induced
by the presence of FBI-G3 can be observed in a) over ~ 90 °C.

in dechlorinated Ullman coupling reactions [117].

We studied the dechlorination in more detail by measuring Temper-
ature Dependent XPS (TDXPS) during annealing. Figure 6.10 collects
subsequent Cl 2p spectra measured during the annealing process, and
are plotted in the format of a color map. The experiment was per-
formed with 0.5 ML of FBI-G3. The ClI 2p double peak can be clearly
seen at temperatures between 40-70 °C as two parallel yellow traces,
with the 2p3,, component centered at 198 eV and the 2p; ,, component
centered at 200 eV. The intensity of these peaks gradually decreases as
the temperature raises and around 100 °C the peak has completely dis-
appeared. Contrarily, when the pristine FeCl, sample is annealed, Fig.
6.10c, no loss of Cl 2p intensity can be seen in the whole temperature
range. Therefore, we conclude that the dechlorination observed in Fig.
6.10a is induced by FBI-G3 molecules.
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Figure 6.11. (Top) NEXAFS spectra of FBI-G3 free and with two different
doses of FeCl, corresponding to the XPS spectra in figure 6.8. (Bottom)
NEXAFS spectra of free FBI-G2 (red) and G3 (orange). The spectra were
acquired at the regions of (a,d) C K edge, (b,e) N K edge, (c,f) O K edge and
at two different orientation of the surface with respect to the photon beam
polarization: normal (dashed lines) and parallel (solid lines).

6.3.2 NEXAFS

In order to see whether the aforementioned Fe?" chelation induces
some relevant changes in the molecular conformation, NEXAFS exper-
iments were conducted. The spectra of FBI-G3 were acquired at the
N, C and O K edges (fig. 6.11). The FBI-G3 molecule presents clear
dichroism in the three molecular regions: C K-, N K- and O K-edge.
The 7* resonance peak at 285 eV in the C K-edge spectra (Fig. 6.11a) is
the largest in the normal orientation and decreases sharply for the par-
allel one, although it is still visible. This suggest that the fluorophore
is mostly flat in all stages of chelation, with the exception of the spacer
phenyl rings, which is slightly tilted. The ¢* resonance peak of the
CH>-O groups in the crown ether appears at 289.3 eV [118].

The 7t* region of the N K edge (Fig. 6.11b) shows two small peaks
in the parallel orientation (solid lines) at 398.5 and 400 eV associated
to the enamine group [118]. However, the main peak appears in the
normal orientation centered on 401.9 eV for the unbound molecule
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(blue line). This peak is associated with the transition of a N 1s electron
from a N=C group into a LUMO+2 (7t*) [119, 120]. The transition to
the LUMO appears at 398.9 eV (secondary peak on the tail of the one
at 401.9 eV). This secondary 7t* peak shifts to 399.5 eV and becomes
more intense with each addition of FeCl,. This is reminiscent of the
electronic structure simulation presented in chapter 3, section 3.3.1
for FBI-G1, which showed that the dominant transition of the free
molecule was HOMO-LUMO, while for the chelated molecule it was
HOMO-1-LUMO.

The O K-edge (Fig. 6.11c) presents less dichroism than the rest
of the organic levels (C and N), which is consistent with the crown-
ether moiety being slightly lifted from the surface. The dichroism
is largest in this region for the unbound molecule (blue line), and it
decreases with each addition of FeCl,. This is also consistent with the
crown-ether being flatter for the unbound molecule and progressively
bending over the scaffold as it captures the Fe?* ion. The four spectra
present a sharp peak at around 531.5 eV.

In [121], NEXAFS of dimethyl ether (DME) and methanol (molecules
containing only C-O bonds) are presented. They attribute peaks res-
onances in the O K-edge at 534.1 (methanol) and 535.5 eV (DME) to
O 1s — 3s transitions. In our case, the O K-edge peak instead appears
at531.5 eV, i.e. at APE = -2.6 eV with respect to the case of methanol
and APE = -4 eV with respect to DME. Such a shift is too large to be
attributed to the tilt of the crown ether with respect to the surface.

Peaks in the O K-edge around 532 eV are usually associated to 1s
— 7t* in ketones (C=0) groups [122]. However, in [123] they argue
that an O 1s electron could be directly excited into the 77* orbital of
the phenyl ring due to its proximity in polyphenyl ethers. Since only
ether-like bonds (C-O-C) are present in the free unchelated molecule,
the presence of a 7t resonance in the O K-edge must be due to this sort
of bonds. It can either due to the proximity effect mentioned above
or to solid-state effects [124]. In the case of Fe?" -chelated molecules,
transitions could occur from O 1s to the 3d orbital levels of iron [125].
In this case, the associated peak would appear at 532.7 eV. Indeed, the
peak at 531.8 eV gets wider for the chelated-molecule spectra, meaning
that a new component grows at the high photon energy (PE) shoulder.
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After annealing at 150°C (orange line) a second peak is clearly visible
at 532.7 eV.

The NEXAFS of free FBI-G2 and G3 are compared in the bottom
panel of figure 6.11. The C K edge (Fig. 6.11d) of FBI-G2 presents
similar features as that of FBI-G3. The 77* resonance from phenyl rings
at 285 eV is less intense than that of FBI-G3, since FBI-G2 contains
just one ring. The same is true for the 77* resonance of the O K edge
(532 eV), which is slightly more intense for FBI-G3. This supports the
hypothesis that the peak corresponds to O 1s — 7t* from the neighbor
phenyl rings. The peak at 288.7 eV associated to CH,-O bonds from
the crown ether [118, 121, 126] appears in both normal and parallel
orientations. This lack of dichroism again reflects the fact that the
crown ether is slightly tilted over the surface. Another peak in the
normal orientation appears in FBI-G2 at 286.7 eV, associated to C-N
bonds [118], which are mainly flat. This implies a shift of 1 eV with
respect to its homologous in FBI-G3 at 287.7 eV.

The N K edge of FBI-G2 (Fig. 6.11e) presents the same peak at 401.9
eV in normal orientation as FBI-G3. However, the another component
around 400.7 eV appears with similar intensity. In the case of FBI-G3,
this component was subdominant and contributed to the width of the
main peak with its maximum at 401.9 eV.

The O K edge spectrum of FBI-G2 (Fig. 6.11f) is very similar to that
of FBI-G3, as the aza-crown ether moiety is identical in both molecules.
The 77* resonance at 532 eV is slightly shifted with respect to the peak
of FBI-G3 (531.8 eV), and it also presents clear dichroism.

6.4 Conclusions

FBI-G2 and G3 molecules sublimate intactly and are able to chelate
Ba”" on metalic surfaces in UHV. This is evidenced by the shift in the O
1s core level toward higher BE, similarly to the effect of Ba®" chelation
by FBI-G1. STM images show that FBI-G2 tend to form dimers on the
surface.

The effect of Fe?* chelation by FBI-G2 and G3 is complex. The
same shift in the O 1s core level toward higher BE happens for FBI-G2
as for Ba®T chelation. By contrast, Fe?t chelation of FBI-G3 causes
the O 1s peak to shift toward lower BE. Furthermore, this shift is
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exacerbated when the sample is annealed. Under those conditions,
the shift for FBI-G2 is also toward lower BE. We associated this trend
to a flattening of the molecules produced by chelation. In the case of
FBI-G2, extra energy must be added in the form of heat to overcome
the stability provided by dimerization.

FBI-G2 and G3 molecules induce dechlorination of FeCl, salt on
Au (111) surfaces. This effect takes place at room temperature, as
evidenced by the shift between the CI 2p for FeCl, over FBIs with
respect to the pristine FeCl, layer. Annealing the sample causes the
chlorine to desorb at around 100 °C. This proves that the counter-ion
does not play any role in the chelation with FBI molecules.






Development of a Fluoregcence
Migroscope

Die Stiirke eines Geistes danach bemiifle, wie viel er von der
,Wahrheit” gerade noch aushielte, deutlicher, bis zu welchem
Grade er sie verdiinnt, verhiillt, versiif$t, verdumpft,
verfillscht notig hiitte.

Friedrich Nietzsche, Beyond Good and Evil

The previous chapters in this thesis focused on the development
and characterization of the monolayer of chemosensors using mainly
surface science techniques. However, in the final scheme, detection of
barium presence will be achieved through Single Molecule Fluores-
cence Imaging, so a set of fluorescence microscopy techniques must be
developed in parallel. In this chapter, I will introduce the principles
of the techniques and the advances carried out during this thesis to
develop a single molecule microscope. This setup must be adapted to
exploit the optical properties of the molecules chosen to capture Ba>™.
Although for simplicity the experimental results will be presented
mainly for FBI-G2, the principle of Ba®" detection with all generations
of FBIs is the same: distinguishing chelated from unchelated molecules
by the different fluorescence emission color of each species. Therefore,
the detection is achieved through emission spectroscopy.

In addition, another kind of bicolor chemosensor is studied in this
chapter: Phosphorescence Bicolor Indicators (PBI). These molecules,
introduced in Chapter 3, also emit in two different colours depending
on whether they have captured Ba®>". However, the origin of the
shift is different. While in the FBI family the shift is associated to
the variations in the 7t conjugation, the PBI’s shifts present different
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emission relaxation times: short-lived (fluorescence) for the unchelated
molecules and long-lived (phosphorescence) in the chelated molecules.
The microscopy setup we developed includes a branch dedicated to
detection of these phosphorescence indicators and will be discussed
in this chapter too. The technique used in this case is Time-Resolved
Fluorescence detection.

7.1 Requirements for the microscopy setup

Since the final device must be operated inside the NEXT TPC, the
design of the microscopy setup must fulfill some requirements:

1. The optical properties of the sample must be preserved in a dry
atmosphere. The molecules must be anchored on a surface with
no solvent or degassing polymer matrices to support them.

2. The scheme must be such that the equipment used for detection
is compatible with the conditions of a vacuum chamber filled
with gas Xe. Some parts of the setup, such as the detector and the
laser source, may be coupled to the gas chamber through optical
windows and remain outside the chamber. Microscope objectives
vulnerable to extreme pressures or containing degassing grease
cannot be operated inside the chamber.

Although these are the final requirement, during the time of this
thesis it was not possible to have an operative microscope operating
under these conditions: The microscope described in this chapter has
only operated in air. The next immediate step will be to develop
a microscope coupled to a vacuum chamber, so that both the Ba*"
chelation and the fluorescence detection happen in-situ.

7.1.1  Choice of excitation wavelength

A crucial parameter for the design of a fluorescence microscope is the
wavelength of the excitation source. Tunable sources are available
commercially, both coherent and incoherent. Indeed, an incoherent
tunable source (a xenon lamp with a monochromator, see

7.2 sec:fluorimeter

) was used to characterize the absorption and emission of FBIs and
PBIs in solution. However, as starting point, we chose to use fixed-
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Figure 7.1. Absorption spectra. (Left) FBI-G1 (green) and FBI-G1-Ba’* (blue)
in solution. Inset: zoom on the range (350, 600) nm with logarithmic scale on
the y-axis. (Right) FBI-G2SL (orange) and FBI-G2SL-Ba>™" (green) in solution.

wavelength lasers. Laser microscopy allows for diffraction-limited
spatial resolution, and high optical powers can be achieved.

The optimal excitation wavelength is the maximum in the absorp-
tion spectrum of the fluorophore. The absorption spectra of chelated
and unchelated FBI-G1 and FBI-G2SL are shown in figure 7.1. For
FBI-G1, the maximum is around 250 nm. However, lasers of 250 nm
are hard to build; at this wavelength range, incoherent light sources
are more commonly used. Excitation by Two-Photon Absorption (2PA)
was initially considered in order to circumvent this limitation: a 522
nm laser could be used with 2PA to have the equivalent absorption
of a 261-nm photon. However, the single-photon absorption spectra
for both free and chelated FBI-G1 extended into the range of 500-550
nm, so the second order effect (2PA) would be completely disfavored
at these wavelengths. The tail of the spectra in this region is close to
zero but still nonzero, so this is better visualized in a logarithmic scale
as shown in the inset of Fig. 7.1. A laser at a wavelength of around
800 nm, such as the one we used for the detection of chelation on the
experiments with the silica pellets presented in sections 4.4 and 5.1,
was assured to be far enough from the tails, so that the single-photon
absorption did not suppress 2PA.
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A 375 nm pulsed laser was chosen instead for simplicity (Edim-
burgh EPL 375). This wavelength assured single-photon absorption
for both FBI-G1 and FBI-G2SL, even if the absorption was close to a
minimum. The laser pulse period can be tuned in a range between 50
ns and 5 us to match the window required for a time-resolved mea-
surement. The maximum power reached with the laser EPL 375 nm
(for the shortest pulse period) is ~ 140 uW. For a brief period, a 405 nm
laser was used (Nichia NVSU233C), but the spot profile did not meet
the requirements for shape regularity so it was replaced by the 375
nm laser. In addition, another pulsed laser with A = 485 nm (EPL 485)
was used for the first measurements of Time-Resolved Fluorescence
detection. A 325 nm laser would favour absorption, as this wavelength
is close to a local maximum in all four species, so this replacement is
planned as an upgrade of the setup. However, all the results presented
in this chapter were acquired with the 375 nm laser.

7.3 Description of the Microscope

An illustration of the microscopy setup is shown in figure 7.2b. The
setup was installed in the Quantum Nanophotonics Laboratory at
CFM, in close collaboration with the team Prof. Gabriel Molina-Terriza.
For the first stages of the microscope development, the setup was
installed on an optical table. The laser beam exits the source collimated
and is guided by a long-pass dichroic mirror (Semrock FF389-Di01) to
the backport of the microscope objective (MO) (Thorlabs LMM-40X-
UVYV). The beam is focused by the MO onto the surface of the sample
containing the fluorescent molecules. This configuration allows to
reach a diffraction-limited lateral resolution of
A

d= INA 375 nm, (7.1)
where A is the laser wavelength (375 nm) and NA = 0.5 is the numerical
aperture of the MO. The fluorescence light is collected by the MO and
filtered from the laser and ambient light by the long-pass dichroic
mirror, with cut at 389 nm. Then a set of bandpass filters select specific
ranges of emission. Since the objective is infinite-corrected, a lens is
needed to form the image on the detector. A lens of focal length f =150
mm allows to achieve a magnification of 40X. The fluorescence light is
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Figure 7.2. a) Examples of two discretized fluorescence spectra of FBI-
G2SL and FBI-G2SL-Ba?*. The height of the bars represent the fluorescence
intensity measured at each filter of bandwidth represented by the width
of the bar. The solid enveloping lines connects the center of each band to
obtain an approximation of the continuous spectra. b) Optical microscopy
setup, with labels of the main components. c) Oscilloscope and computer,
complementary components of the setup for time-resolved measurements.
d) Example of an emission time-resolved measurement.

detected by a sCMOS (Hamamatsu ORCA Flash4.0 V3, C13440-20CU)
with extremely low readout noise and high quantum efficiency. Each
pixel is 6.5 ym by length and collects the light from an area of length
6.5 ym / 40 = 162.5 nm. However, because of diffraction, the lateral
resolution is A = 375 nm. The axis resolution in turn is

This configuration allows to obtain narrow field images. How-
ever, the most relevant information obtained is not the shape of the
image per se, but the total intensity detected for each filter. A discrete
emission spectrum of the sample can be measured by comparing the
light detected through the different bandpass filters. The center and
the bandwidth of the filter determine both the position and width of
the bar and the detected intensity its height. An enveloping curve



108 Chapter 7. Development of a Fluorescence Microscope

is drawn through the center of each bar. Two examples of discrete
spectra of FBI-G2 on ITO surfaces are shown in figure 7.2a: sublimated
FBI-G2SL (green, top) and FBI-G2SL chelated with Ba*" from solution
and deposited by spin-coating (red, bottom). Thus, the microscope is
used as a spectrometer.

Moreover, the time dependence of the fluorescence emission can
be measured with this setup (Fig. 7.2c). For this, a Photomultiplier
Tube (PMT, Hamamatsu H13543-20) is used as a detector instead of the
sCMOS, since it can achieve the necessary time resolution in the range
of nanoseconds. The signal is read by an oscilloscope (Teledyne Lecroy
WaveSurfer 4000HD) after each pulse from the laser, which sends a
trigger signal to the oscilloscope. To reduce electronic background, the
peaks are selected, filtered and sorted by their delay time with respect
to the corresponding trigger timestamp. The result is the decay graph
shown in Fig. 7.2d. In particular the time dependence curve shown
corresponds to a sample containing the phosphorescent compound
tris(bipyridine)ruthenium(II). The time dependance of PBI emission
can be measured in this manner.

7.3.1 Emission spectroscopy

The measurement protocol for emission spectroscopy was the follow-
ing:

1. Characterization of the dark noise of the camera. For every
measurement, a set of images without illumination was acquired
to subtract the base signal of the camera.

2. Selection of X-Y locations of the sample. Typically, around 9
points along the X-Y plane were chosen for each sample to sur-
vey the homogeneity of its emission.

3. Focus on the surface of interest. Since the samples were prepared
on the monolayer regime, a fine control of the focal plane location
of the emitters was necessary (Z axis). An autofocus algorithm
was designed to locate this plane systematically. Briefly, the
intensity detected by the camera was recorded as the sample
plane was moved, and the maximum of this array of intensities
coincided with the focus location. An example of this array is
shown in figure 7.3a.
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Figure 7.3. a) Autofocus: intensity variation with sample plane. The maxi-
mum corresponds to the location of the monolayer plane of emitters on the
surface. b) Sample image of a slightly off-focus spot. c) Sample image of a
focused fluorescence spot. d) Detected spot in the analysis software.

4. Acquisition of images of the emitters in narrow-field configura-
tion. For each emission filter, an image was recorded. Unfiltered
images were acquired as well to normalize of the spectra.

5. Offline analysis of the images. The fluorescence in narrow field
is imaged in a few tens of pixels, so they must be differentiated
from all other pixels in the image. This assured reduction of sys-
tematic uncertainties like the appearance of hot pixels off-focus.
A sample image of emission in focus is shown in figure 7.3b
and the fluorescence spot detected by the analysis software in
tigure 7.3c. An example of emission slightly off-focus is shown in
figure 7.3d. The intensities for each filter were then summed, nor-
malized by the filter bandwidth and arranged in the discretized
spectra as shown in Fig. 7.2a.
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Figure 7.4. a) Sample waveform in the oscilloscope; the data from the laser
trigger (blue) sets the duration and start point of each pulse, the raw PMT
reading (green) is passed through some filters (red) to remove noise. Then
the At from each single PE event is arranged into an histogram. b) Sample
histogram from a phosphorescence measurement with fit to a negative expo-
nential. The value of the exponential argument parameter (7) is given as a
reference.

7.3.2  Time-resolved fluorescence detection

Time-resolved measurements were carried out with a PMT and an
oscilloscope, as shown in fig. 7.2b. The emission spectrum can also
be recorded by comparing the detection rate of the PMT (for a fixed
trigger value) for each emission filter. An example of waveform in
the oscilloscope for time-resolved measurements can be seen in figure
7.4a. The waveforms were passed through a Butterworth filter and
a lowpass frequency filter in order to remove most of the electronic
noise. The peaks with reflections (positive and negative values at very
close times) indicated in Fig. 7.4a are some examples of such noise
which is not present in the filtered PMT data (red line). The remaining,
positive-only peaks correspond to single photoelectrons (PE) from
fluorescence/phosphorescence emission. The time delay At between
the laser pulse signal (blue line) and the appearance of each single PE
was stored and graphed as an histogram (Fig. 7.4b). These time delays
correspond to the decay process of phosphorescence photons. These
decays have a lifetime in the scale of 100-1000 ns. The fit shown in Fig.
7.4b corresponds to a simple negative exponential. The laser pulse
duration can be chosen from 7 fixed values in the range between 50
ns to 5 us. Therefore, lifetimes up to 5 ys can be measured with this
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setup. The rise time of the PMT is 1.6 ns, so lifetimes in the scale of a
few tens of ns can be measured (fluorescence).

7.4 Narrow-field Fluorescence on FBI-G2SL Monolayer

After optimization of the new setup, here I summarize the emission
spectroscopy results obtained for the FBI-G2SL molecule (figure 3.6. As
mentioned in chapter 3, this molecule was chosen because it contained
the silatrane group capable of covalently anchoring to the substrate.
This allowed to deposit FBI-G2SL by two different methods: molecular
sublimation and spin-coating. Spin-coating consists in depositing a
controlled amount of molecules from solution (usually a few drops
from a syringe) on a substrate located on a spinning platform so that
the coating material is spread by centrifugal force. Moreover, we tested
the response of the molecules on two substrates: quartz and ITO. All
these samples were analyzed with XPS to assure that the formed layers
are in the monolayer regime.

Figure 7.5a and b show the emission spectra for the sublimation
sample and the spin-coated sample, respectively. Fluorescence spectra
were measured in 9 different points (3x3 matrix) to evaluate the homo-
geneity of the monolayer. The separation between the points was 1.5
mm in the X axis and 2 mm in the Y axis. For the sublimated sample
(Fig. 7.5a) the reproducibility of the spectra along the different points
indicates highly homogenous coverages. For the sample prepared by
spin-coating (Fig. 7.5b), points 3 and 9 present almost no counts, which
is compatible with having background counts only. This is also the
case of point 6, which shows a very tenuous fluorescence signal (about
10 times less intense than the rest) but the shape was the same as the
other points. These spectra suggest that sublimation yields slightly
better results in terms of homogeneity.

Figure 7.5c shows the spectra of FBI-G2SL deposited on quartz
measured using the spectro-fluorimeter for comparison. This fluo-
rimeter is briefly described in A2.2. Since the microscope produces
discrete spectra, the continuous spectrum from the fluorimeter is dis-
cretized according to the range of the filters used in the microscope.
The comparison of the three spectra is shown in figure 7.5d. The
emission spectra of the sublimated sample (red dashed line) is totally
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Figure 7.5. a-b) Discrete fluorescence spectra of FBI-G2SL along 9 points
on quartz substrate, deposited by a) sublimation and b) spin-coating. c)
Discretization of the continuous FBI-G2SL fluorescence reference spectrum
for comparison with data from the microscope. d) Comparison of discrete
FBI-G2SL spectrum obtained by the fluorimeter (green, dot-dashed line) and
averages along the 9 points of a) and b). The spectra in c) and d) have been
normalized to their respective maximum. Points 3 and 9 in b) were removed
for the averaging (background).

comparable with that measured for FBI-G2SL on the fluorimeter (green
dot-dashed line). The relatively small discrepancies can be explained
as follows: The emission at 438 nm (second data point from the left)
of the fluorimeter data corresponds to background emission from the
quartz substrate. The whole bulk of the quartz substrate contributes
to this background, because the excitation source is not focused. The
points of short wavelength (A < 630 nm) are slightly more intense
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for the microscope data than for the fluorimeter, whereas for long
wavelengths (A > 630 nm) the opposite is true. We attribute this dis-
crepancy to a higher contribution of background in the fluorimeter
measurement. The emission from the spin-coated sample (blue solid
line) is hard-shifted by around 32 nm toward shorter A. Thus, the
measurements reveal different photochemical properties for the spin
coated sample compared to the sublimated and the reference sample.
This work is still in progress so we currently do not have a conclusive
answer to explain this result. However, we are considering two hy-
pothesis. The first cause of the discrepancy could be the presence of
residual solvent in the spin coated sample at the substrate-FBI inter-
face. The solvent may cause a Stokes shift toward shorter wavelenght.
Alternatively, the sample prepared by sublimation may be more or-
dered on the surface at the nanoscale than the spin-coated one. Then,
the latter would present more clusters and the electronic structures
would be different. In any case, these intriguing results have been
revealed by optimizing the microscope to work in the monolayer limit,
thereby minimizing contributions from the substrate.

Moreover, further measurements reveal that the shift between the
sublimation and spin-coated samples is substrate-dependent. The
two preparation methods yield much more similar average spectra
on ITO surfaces, as shown in figure 7.6b. This may indicate a higher
anchoring efficiency for ITO than for quartz. Figure 7.6b shows the
spectra along the 9 points on the spin-coated ITO surface. Only one
point emits more intensely than the rest by a factor ~2. Therefore,
the coverage homogeneity achieved by spin-coating along the ITO
surface is higher than for quartz. It is well stablished in literature that
the silatrane group works very efficiently in anchoring with the OH
groups on the ITO surface [78, 79]. This seems not to affect sublimation
samples, so the anchoring and distribution of the molecules on the
surface becomes more homogeneous.

Another interesting effect found only for ITO samples is shown
in figure 7.6c. When the fluorescence is measured in transmission
through the quartz bulk (red line), the overall intensity is a factor ~5
higher than when the same sample is measured directly from the ITO
surface containing the molecules (blue line). These two measuring
modes are sketched in the inset of the figure. Indeed, when the sample
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Figure 7.6. a) Comparison of FBI-G2SL spectra on ITO for a spin-coated
sample (blue solid line), a sublimation sample (dashed red line) and refer-
ence fluorimeter spectrum (green, dot-dashed line). b) Fluorescence spectra
of FBI-G2SL deposited by spin-coating on ITO along 9 points. c) Effect of
ITO quenching: when the fluorescence is measured directly from the sur-
face containing the emitters (blue), the intensity is a factor ~5 lower than
for a transmission measurement (red). Inset: scheme of each measuring
configuration.

is measured in direct mode, the focus becomes very hard to find and
many points on the plane show no fluorescence emission. This is at-
tributed to quenching from the ITO surface. Quenching of fluorescence
by conductors can be understood as an interaction between an electric
dipole representing the emitter and a conducting surface. The surface
induces a preferential emission toward the conducting surface and not
away from it [127]. Therefore, when the fluorescence is measured from
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Figure 7.7. Chelation of FBI-G2SL on quartz. Comparison of the sublimated
unchelated molecule (red, dashed) and chelated by two methods: (a) spin-
coating from solution (green, dot-dashed) and (b) with sublimated BaCl,
(yellow, solid). A discretized spectrum of the chelated molecule in solution
measured by the fluorimeter is also included for reference in both panels
(blue, solid).

the side closer to the ITO surface, more photons are detected along
this preferred direction of emission than from the opposite direction.

7.5 Chelation detection by Narrow-field Fluorescence

The objective of the microscope development presented in this chap-
ter is to be able to distinguish between emission of chelated and
unchelated FBI molecules. Figure 7.7a shows the emission spectra
measured on two samples prepared by spin-coating on quartz, one
containing FBI-G2SL (red, dashed) and the other containing FBI-G2SL
chelated with BaCl, in solution (green, dot-dashed). The latter agrees
with the emission in solution measured by the fluorimeter (blue solid).
The chelated molecule undergoes a color shift of AA = —51 nm as
expected.

However, the situation becomes complicated when chelation takes
place in a dry environment. This is the case illustrated in figure 7.7b.
When the FBI-G2SL is exposed to sublimated BaCl, (orange line), the
color shift vanishes. This is a crucial result from the point of view
of the development of the Ba-tagging sensor. Several hypothesis are
being considered to explain it. One possibility is that having the
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molecules chemically anchored and standing upright conflicts with
the trapping of the Ba>" ion. However, XPS analysis on Cu of FBI-
G2SL-Ba®" show a similar shift in the O 1s core level as the ones
mentioned for FBI-G1, G2 and G3. We therefore conclude that the ion
is being trapped [128]. Still, the colour shift depends on the folding
of the molecule upon chelation, not only on the trapping of the ion
by the crown-ether. It is possible that the chelated molecule does
not fold over itself in the upright formation. Alternatively, stacking
effects between several neighbouring molecules can compete with
the folding process. For instance, one Ba?" ion may be interacting
with two molecules simultaneously, with none of them folding. To
overcome this stacking effects, the molecules can be arranged more
sparsely by inserting a buffer molecule (for example, the anchoring
group aminopropyl-silatrane, see Fig. 3.6) between them. This sort of
sparse monolayer is being developed at the time of writing.

The absence of shift of chelated FBI-G2SL in dry conditions poses
a difficulty for the advance of the barium sensor development. Nev-
ertheless, revealing this result was possible only by developing the
fluorescence microscope and optimizing it for detecting the signal of
a molecular monolayer. Continuing this work with the microscope
will permit assessing the performance of new molecules and sensor
designs.

7.6 Lifetimes of phosphorescent compounds

Molecules on surfaces may not behave as they do in solution. In partic-
ular, the results in section 7.5 hint that a colour shift from the folding
of chelated FBI-G2SL may not be straight-forward to detect. Therefore,
another handle to distinguish chelated from unchelated molecules
can be necessary. Another property which can reveal the presence
of Ba®" is the lifetime of the molecular indicators. This is the case
of Phosphorescent Bicolor Indicators (PBI), which were introduced
in chapter section 3.2. The emission of these molecules in solution is
via fluorescence when they are unchelated and via phosphorescence
when they are chelated. This means that the emission of unchelated
molecules decay in a few nanoseconds, while the chelated ones decay
in several hundreds nanoseconds. These change in the decay lifetime
can be detected by Time-Resolved microscopy (section 7.3.2).
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Figure 7.8. a-b) Structure of IrSL (a) and RuSL (b) molecules. c) Emission
spectra of IrSL (green) and RuSL (red) as measured with the fluorimeter
(dashed lines) and from the PMT rate (dots and solid line). d-e) Phospho-
rescence decay of IrSL (d) and RuSL (e) on quartz. f) Dependence of RuSL
phosphorescence lifetime with the concentration for the wavelength ranges
in the three central filters.

We carried out initial tests of time-resolved measurements with two
phosphorescent inorganic molecules which are shown in figure 7.8a
and b: Tris(2,2’-bipyridine)ruthenium(Il) and (2,2-Bipyridine)bis[2-
(2,4-difluorophenyl)pyridine]iridium(Ill). Both molecules are deco-
rated with two anchoring 1-(3-aminopropyl)-silatrane (APS) groups
and neutralized by hexafluorophosphate (PF¢). For convenience, they
are referred to as RuSL and IrSL, respectively. These molecules do
not have crown ether, so they cannot trap any ions. However, using
these molecules as proxy for PBIs has several advantages. First, the
fluorophores are commercially available so the synthesis consists only
on adding the APS groups. Second, their decay lifetimes are similar
to that of chelated PBI. Third, their emission colors mimick that of
chelated and unchelated PBIs. Therefore, they can be used to form a
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mixed monolayer with both molecules and study the relative heights
of the fluorescence peaks depending on the relative abundance of
each one. Their emission spectra measured by the fluorimeter and the
microscope is shown in figure 7.8c. Fourth, the fluorophore of PBI is
based on IrSL, so studying the latter can provide valuable insight on
the photophysics of the former.

The emission spectra were measured by comparing the PMT rate
for the different filters (at the time of performing these experiments, the
set of filters was different to the one presented in the previous section;
some filters had wider bands and two overlapped). The comparison of
the spectra measured with the PMT and with the fluorimeter is shown
in Fig. 7.8b. Two examples of time-decay histogram for these samples
are shown in Fig. 7.8d and e.

We prepared three RuSL samples by immersion in solutions with
different concentrations and compared their lifetimes at three differ-
ent wavelength ranges to investigate possible dependence with these
parameter. For this we plotted the lifetimes obtained from the fits with
respect to the surface concentration. The results are gathered in Fig.
7.8f. The inverse dependence of the lifetime with the concentration
of the mother solution is evident. The most concentrated sample dis-
plays the shortest lifetime. This suggests that aggregation effects are
relevant for this type of molecules. Stacking of molecules may cause
overlapping of molecular orbitals, which facilitates the intercrossing
of the excited electron to the triplet state.

This experiment demonstrated the capability of our microscope to
perform time-resolved fluorescence measurements with compounds
in the monolayer regime. With the development of PBIs this could
mean an extraordinary advantage for distinguishing chelated and
unchelated molecules based on the duration of the relaxation decay.
Since the fluorescence emission of free PBIs would disappear in a few
tens of ns, this would imply that detection of long-lived chelated PBIs
could be background free.

7.7 Conclusions

A fluorescence microscope is being developed to detect the signal of
molecular indicators (e.g. FBI or PBIs) in a monolayer. The microscope
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works in the diffractive limit and is mainly used as a spectrometer
by using emission band filters. We measured spectra of FBI-G2SL de-
posited on quartz and ITO substrates by sublimation and spin-coating.
For the latter method, the homogeneity on ITO is higher than on
quartz, whereas sublimation yields similar results in both substrates.
The emission of FBI-G2SL chelated with Ba®" in solution was mea-
sured with the characteristic blue shift of ~50 nm. However, when
the chelation takes place in a dry atmosphere, the shift disappeared.
This result requires further investigation but it was found thanks to
this dedicated setup. Detection of the fluorescence signal in the final
sensor in NEXT will be carried out with a microscope based on the
one described in this chapter.

Additionally, time-resolved measurements can be carried out to
characterize phosphorescent emission. The emission spectra and phos-
phorescent decay lifetimes of two inorganic molecules were measured
this way: IrSL and RuSL. The lifetime was found to depend on the
surface concentration of RuSL. These molecules work as proxies for
Phosphorescent Bicolor Indicators, which could be used to detect the
presence of Ba*" without contribution from unchelated molecules.
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It ain’t what you don’t know that gets you into trouble. It’s
what you know for sure that just ain’t so.

Mark Twain

The future of understanding the origin of the material universe
relies on fundamental research in particle physics, particularly in
the area of neutrino research. The detection of neutrinoless double
beta decay is a crucial step in determining the nature of neutrinos as
either Majorana or Dirac particles. Background-free detectors, such
as the barium tagging sensor proposed in this thesis, are essential in
achieving the necessary sensitivity to detect OvBp events with high
precision and confidence. This type of research represents a significant
challenge and requires the development of novel technologies and
techniques. However, the potential impact of such discoveries on our
understanding of the fundamental nature of matter is immense and
may have profound implications for our understanding of the universe.
As such, continued research in this field is critical to advancing our
knowledge of the universe’s origins and properties.

Throughout this thesis it has been demonstrated that a multidisci-
plinary approach combining knowledge from different fields, includ-
ing chemistry, surface science, and optics, is essential for developing
the proposed sensor. The complex nature of the sensing mechanism
and the requirements of the experiment requires this broad range of
skills. Thus, through our research, we have shown that specifically
designed fluorescence molecules can chelate efficiently the desired
Ba*" ions in the absence of any solvent when immobilized on a surface.
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Different molecules of the family of the fluorescence bicolor indicator
family have been tested. By combination of surface science techniques,
their chemical and structural changes upon chelation in ultra-high
vacuum conditions have been proven. This critical finding satisfies
the first requirement for the proposed sensor, namely, the ability to
immobilize and trap individual Ba*" ions with high precision and
sensitivity. Overall, this research represents a significant step forward
in the development of a reliable and effective barium tagging sen-
sor, with implications for a wide range of applications in the field of
neutrino research and beyond.

In addition to the promising results obtained with the chelating
molecules, this thesis also represents the initial steps in the develop-
ment of a specific microscope designed to detect single molecules
via fluorescence imaging. The microscope developed in this thesis,
although still in its early stages of development, has already shown sig-
nificant potential in detecting the emission spectrum of molecules on
a surface at the monolayer boundary. Our work has also allowed us to
estimate the homogeneity of the coatings, and to detect small shifts in
the emission spectra. These initial findings represent a significant step
forward in the development of a robust and reliable sensing mecha-
nism based on Single-Molecule Fluorescence Imaging. The microscope
developed in this study showcases the potential of this technique to
enable the high-precision detection and characterization of individual
Ba”" ions, as required by the proposed sensing mechanism. Moreover,
the potential of this approach to enable the high-precision detection
and characterization of individual Ba*" ions holds great promise for
advancing our understanding of the fundamental properties of mat-
ter, and for developing novel technologies with important practical
applications.

Our research has also led to the development of novel and power-
ful tools with important implications for fundamental research in other
fields. One such tool is the ALI system, which allows for the injection
of liquid solutions into a vacuum environment without breaking the
vacuum conditions. This innovation has important implications for a
wide range of fields, including surface science, magnetism, and other
areas of physics and chemistry where vacuum conditions are essential
for accurate and reliable measurements. By enabling researchers to
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introduce liquid samples into vacuum environments without compro-
mising the integrity of the experimental conditions, the ALI system
opens up new avenues for research and discovery across a broad range
of scientific disciplines. These findings demonstrate the potential for
interdisciplinary collaborations and the development of new tools and
techniques to drive innovation and advance our understanding of the
fundamental properties of matter.

Overall, while the primary focus of this thesis has been the initial
progress in the development of a barium tagging sensor for NEXT, the
findings and implications of this research extend beyond this specific
field. This study provides a starting point for future investigations,
highlighting a range of open questions that offer opportunities for
further exploration across multiple domains. As an outlook summary,
it is worth highlighting some of the key findings and areas of future
research that have emerged from this thesis.

Surface science

This thesis focused on the research on FBI chelation with Ba®". How-
ever, the work carried out toward this goal also advanced the under-
standing of chelation of crown-ether derivatives on surfaces with other
ions like Na™ and Fe?" . Research on crown ethers is extensive in
solution but not as much on ultra-high vacuum conditions. Crown
ethers find other applications beyond barium-tagging and ion sensors,
like drug carriers and photo-switching devices.

Moreover, the study of fluorescence from emitters deposited on
surfaces is of interest for the field of surface science by itself. De-
veloping expertise with these molecules could be useful for certain
on-surface synthesis processes and photo-activated reactions. An ex-
ample of on-surface synthesis is briefly discussed in this thesis for
dehydrogenation of starphenes, deposited with ALL

The XPS analysis presented in this thesis was performed entirely
with a custom-made software written in Python. This software permits
processing and analysis batches of several regions of the spectra, as
well as several samples or experiments in a serialized, systematic way
(scripting). The software is available for free at https://github.com/
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proscrite/xps_sw.

A deep understanding of the photochemistry of FBIs anchored on
surfaces will be needed for the optimization of the final sensor. Some
parameters like the packing or the distance between molecules on the
surfaces or between the molecule and the substrate can determine for
the overall efficiency of the sensor. The chelation efficiency and the
capacity for the molecules to twist upon chelation and shift in color is
expected to depend on these parameters. Therefore, one crucial step is
to understand how the molecules arrange themselves on surfaces and
how the anchoring mechanism can affect their properties. STM mea-
surements of FBIs can provide invaluable information in this regard,
both for molecules laying flat on the substrate or standing still when
bonded covalently through the anchoring group. However, STM is
often performed on conductors like Au or Cu, which are not suitable
for fluorescence microscopy. STM can be used on ITO [129], although
with difficulty given the relative rugosity of this substrate. Atomic
Force Microscopy (AFM) may be a more suitable technique, as it does
not require the substrate to be conducting and can achieve resolution
of close to 1 nm.

Another way to anticipate certain effects and understand others is
through computer simulations. We have seen how simulations of the
electronic structure of FBI-G1 explain the color shift and the widening
of the HOMO-LUMO gap (section 3.3.1), and how the chlorine atoms
act as spectators in the chelation of BaCl,. Dedicated simulations con-
taining both the molecules and the substrate can also be carried out.
These calculations account for interactions between the atoms of the
surface and the molecule, so they can reveal information that simula-
tions in vacuum cannot. To this end, we collaborated with Fernando
Aguilar-Galindo from the Universidad Auténoma de Madrid, as an
expert in molecular simulations in solid state. As a first approach he
simulated the anchoring of aminopropyl-silatrane (APS) on quartz
and ITO substrates. Since including the whole FBI molecule would
complicate and delay the calculations, a proxy of it in the form of a
phenyl ring coupled to APS was considered instead. The two groups
were bonded by an amine bond, like in the case of FBI-G2SL. A sample
of this system on ITO can be seen in figure 8.1. The DFT simulations
were carried out with Vienna Ab initio Simulation Package (VASP)


https://github.com/proscrite/xps_sw
https://github.com/proscrite/xps_sw
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Figure 8.1. Visualization of the unit cell simulated in VASP. The FBI-proxy
(a phenyl ring linked to APS) is covalently bonded to the OH groups on the
ITO surface. Forming this bond causes ethanol (EtOH) to be detached from
the silatrane and stays in the environment.

[130] software.

Different configurations of this system were simulated, with one,
two and three covalent bonds between the silatrane legs and the sur-
rounding OH groups and only physisorbtion on the surface. For
two and three covalent bonds several possibilities exist and were con-
sidered independently. The relaxation energies of the system were
calculated for each configuration and compared. The preliminary
results point to forming two covalent bonds as the most stable config-
uration, and three bonds as the least stable. The implications of this
results will be discussed as well as how to extend the calculations to
account for the full molecule and in different scenarios of interest for
the experiment.

Finally, I would like to remark that the performance characteri-
zation of the ALI technique carried out here in the context of NEXT
experiments is useful for other disciplines and molecules. As an exam-
ple, we used ALI to deposit another large macromolecule: starphene.
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a) Local-field illumination b) Wide-field illumination
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Figure 8.2. Scheme of local-field illumination (a) and wide-field illumination

(b).

Although starphene is not related to barium tagging, the experiment
is relevant because this molecule cannot be deposited in UHV by con-
ventional methods; the large size of the molecule caused it to break
before sublimating intactly.

Microscopy

Focusing the laser beam into a diffraction-limited spot enables de-
tection of fluorescence emitted from an area of ~ 1 ptmz. However,
for identification of a single chelated molecule in a sensor spanning
several millimeters, wide-field microscopy can help scanning larger
areas at once. Wide-Field (WF) microscopy has been used to detect flu-
orescence of single-molecules chelated with Ba®* using Total Internal
Reflection Fluorescence [131]. Switching from a local-field config-
uration in our setup (Fig. 8.2a) to a WF configuration is relatively
straight-forward: instead of introducing the collimated laser beam
through the back port of the MO, we can use a lens to focus it on
the focal plane of the back port (Fig. 8.2b). We are developing a WF
illumination setup parallel to the local-field one, with the set of band-
pass filters to map the fluorescence spectrum in larger areas. The final
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Figure 8.3. Possible implementations of a high-pressure microscope. a)-c)
MO outside the chamber, view with all components (a), front view (b) and
bird’s-eye view (c) with the walls of the chamber and the body of the optical
window hidden. d) MO inside the chamber, with MO holder hidden. e) Full
view of a simple barium evaporation and HP-microscopy setup.

version of the microscopy setup may require integrating both local-
and wide-field illumination configurations, which poses a challenge
but has been achieved already [132].

Advances in molecular design and synthesis may lead to different
optimal excitation wavelengths. A super-continuum laser [133] may
help decoupling this changing requirement. The excellent signal-to-
noise ratio demanded by the requirement of single-molecule detection
may require excitation by Two-photon absorption (2PA). Impurities
in quartz can produce background fluorescence at short wavelengths
[134]. This background could be mitigated by exciting the system with
a laser capable of inducing 2PA: the extremely low cross-section for
2PA processes causes the effective emitting volume to be much smaller
than for single-photon absorption (SPA). Most of the background from
quartz is expected to come from the few layers immediately below
the surface containing FBIs. Since 2PA reduces this thickness, the
background would be drastically reduced while it would be essentially
unaffected for FBISs.
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A crucial next step in the development of a barium-tagging device
is the assembly of a high-pressure microscope. This would assure ex-
periment conditions very similar to the final implementation in NEXT.
The basic requirement then is to keep the molecular sample inside a
high-pressure (HP) vessel. Initially, two designs are possible: keeping
the Microscope Objective (MO) inside or outside the HP chamber. Two
simple implementations of a HP microscope following these schemes
is shown in figure 8.3. If the MO is mounted outside the chamber, it
needs to be able to focus the beam onto the surface sample (see Fig.
8.3¢). This in turn requires the MO to have a long working distance, as
the glass of the optical window must fit in this distance. The thickness
of CF viewports is usually 5-7 mm. Microscope objectives for use in air
with high enough numerical aperture (NA) and working distances in
the order of 10 mm are available in the market. It is worth considering
some buffer millimeters to accommodate the sample holder. This dis-
tance would have to be corrected for the refraction on the two surfaces
of the window. Taking all this into account, this scheme is feasible.

Mounting the MO inside the pressure chamber (Fig. 8.3d) would
require the use of a pressure-compatible piece. Ordinary MOs can
burst when the chamber is evacuated to UHV conditions, so they must
be adapted mechanically for use in high or low pressures. This usually
involves drilling holes through the objective housing to facilitate the
evacuation of air between the lenses. Degassing from the cement
holding the lenses inside the MO must be avoided too.

Figure 8.3 features a simple wobble-stick working as sample holder.
However, accurate focusing of the beam on the sample surface re-
quires fine manipulation in the beam axis. A vacuum stage system
with sub-micrometer precision is mandatory for focusing and scan-
ning. Alternatively, the MO could be displaced along the beam axis
for focusing, although this would introduce extra mechanical require-
ments, especially if is placed inside the chamber. Scanning could also
be achieved without moving the sample, through the use scanning
galvo mirrors and scan lenses. The HP microscope can be a module
of a larger setup in which the sample can be prepared in-situ, as illus-
trated in Fig. 8.3e. A molecular evaporator, a barium evaporator are
mounted in a module adjacent to the microscope chamber. A cleaning
module for preparation of the substrate is located in the far end of the
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Figure 8.4. Scheme of RITA. From left to right: Barium beam chamber,
composed of ion source, mass filter, focusing, 2D steering components and
thermalizing gas chamber. The Ba?" ions reach the right side of the chamber
with thermal energy. FBIs are located on this end and are imaged by the
optics system through the substrate. The fluorescence is collected by the
objective, filtered chromatically and detected by the sCMOS.

setup. The evaporation and cleaning techniques require ultra-high
vacuum (UHV), whereas the microscope is intended to work under
high pressure. A full design would then require differential pumping
to transfer the sample from the UHV modules to the HP ones.

A design based on the one presented is a mandatory step forward
in the development of BOLD. The NEXT collaboration is working
toward developing a HP microscope and a finely-controlled source of
Ba”". This apparatus will be sketched in the next section.

Barium sources

The next step will be to establish a proof of chelation with single Ba
ions. A Ba?" beam is being developed for this purpose by Prof. Lior
Arazi’s group of Ben Gurion University, who is also part of NEXT.
In addition, a HP microscope will be coupled to this barium beam
chamber. Prof. Itay Shomroni is spearheading the design of the mi-
croscope as an expert in optics and metrology. This apparatus will
emulate closely the conditions of the final experiment in NEXT, as it
will feature single Ba>* ions reaching the sensor in high pressure and
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the fluorescence will be detected in-situ through an optical window.
The general scheme of this setup is shown in Figure 8.4. The Ba*"
ions will be filtered by its mass-to-charge ratio, cooled to thermal ener-
gies by differential pumping and driven toward a target containing
a monolayer of FBIs. This will allow testing the chelation at different
pressures and different energies.

In parallel, a single Ra?>* beam is being developed too. Ra is an
ideal surrogate of Ba, as they are both heavy alkaline earth metals, so it
can be used to calibrate the sensor. Individual Ra?* ions from radioac-
tive decay of ?28Th can be tagged by detecting the backward-emitted
alpha particle. The target sample will then be measured by an alpha
spectrometer to determine its ?**Ra activity. Radium Ion TAgging
(RITA) could have further applications: identifying trace amounts of
Ra or single ions could potentially improve current sensitivities of
radiation detection methods like germanium detectors. Furthermore,
including a Ra source in NEXT could be used to calibrate the Ba-sensor.

The machines in the RITA program will allow to characterize chela-
tion efficiency and assess the system overall efficiency to detect single-
barium ions. The outcome of RITA will be the first demonstration of
single Ba?" chelation, and would be a major milestone in NEXT, and
in neutrino physics in general. Once the development of the sensor
and the detection techniques are sufficiently mature, a first prototype
called BOLD-0 will be deployed. BOLD-0 will be a small-scale version
of the full NEXT-BOLD design presented in section 2.5.
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In this appendix we introduce the experimental techniques used
throughout this thesis concerning ultra-high vacuum (UHV), which
has been an important part of the work concerning this thesis.

All these techniques are used in the ultra-high vacuum (UHV)
regime, in a pressure range between 10~ — 107! mbar. In this range,
particles in a volume move in molecular flow, without any mutual
hindrance. Furthermore, the monolayer (ML) time in the UHV regime
is in the order of minutes or hours. This is the time scale necessary
for a single molecular or atomic layer to be absorbed on a gas-free
surface. For pressures above the UHV regime, this time is in the range
of a fraction of a second. Therefore, in the UHV regime the purity of
the surfaces during the characterisation time is sufficiently preserved.
In addition, the scattering of photoelectrons due to air molecules is
minimised, which is optimal for the measurement of the photoelectron
current.

Al1.1 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is the technique used to grow thin
films of various materials layer by layer and it is the method we
used to deposit FBI molecules on surfaces in chapters 5 and 6. It
is consider the cleanest technique for material growth. A typical
MBE experimental setup is shown in Figure A1.1. The material to
be deposited is contained in ultra pure solid form (i.e. 99.99% pure
compounds) in a Knudsen effusion cell. These cells are placed on
a UHV chamber facing a sample holder with the target substrate.
The cells are heated to the appropriate temperatures at which the
material sublimates and the vapor from the cell diffuses toward the
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Figure A1.1. Basic principle of molecular beam epitaxy: two beams of
molecules or atoms are coevaporated from different sources (effusion cells)
and deposited onto a heated substrate.

substrate. The deposition time may be controlled by opening and
closing a mechanical shutter and the rate can be adjusted by varying
the temperature of the cell. Deposition of materials on a surface may
be aided by heating or cooling the substrate. Coevaporation of two or
more materials is possible by using two or more effusion cells. Several
factors determine the final composition of the film: the flux of the
individual molecular beams, the temperature and atomic structure of
the substrate and the chemical and physical interaction between the
material and the substrate.

The uniformity of the layers can be improved by rotating the sub-
strate slowly (~1 rpm). Quartz microbalances are often used to mea-
sure the growth rate in situ. In addition, Reflection High-Energy
Electron Diffraction (RHEED) is usually used to characterise the sam-
ple structure and thickness. The typical MBE growth rate is in the
ML /s range, although it can be much slower for species with poor
sticking coefficients in a specific substrate.

The FBI molecules and ionic salts (BaCl,, NaCl and FeCl;) were
sublimated following this method with homemade Knudsen cell evap-
orators. To avoid cross-talking between FBI and the salts molecules
and to exclude any possibility of chelation of the molecule inside the
cell, the FBI and salt evaporators were located in two separated parts
of the UHV chambers. The setup also included a quartz microbalance,
a transfer bar and a pumping system.
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Al1.2 X-ray Photoemission Spectroscopy

X-ray Photoemission Spectroscopy (XPS) or Electron Spectroscopy for
Chemical Analysis (ESCA, both acronyms are used interchangeably) is
a widely used technique for chemical analysis in surfaces. This section
is a short overview of the principle, instrumentation and information
yielded by the technique. For further reading about the topic, we refer
to the following reviews [135-137].

XPS was developed for chemical analysis during the 1950s and
1960s by Kai Siegbahn, who received the Nobel Prize in Physics in
1981 for this contribution. The technique is based on the photoelectric
effect, as illustrated on figure Al.2a. An X-ray photon transfers its
energy hv to an atomic electron in the core level 1s and ejects it from
the atomic shell. The Einstein equation describes the kinetic energy of
this electron Ek as a function of the photon energy:

EB =hv — EK, (A11)

where Ej is the binding energy of the electron in the atom. The binding
energy depends on the type of atom and its chemical environment.
Therefore, measuring the kinetic energy of the electrons yields valuable
information about the composition and chemical environment of a
given sample. The binding energy of a gas is identical to its first
ionisation potential. In solids, the surface acts as an additional barrier
that the electron has to overcome to reach the free electron level. This
energy is referred to as work function, as indicated in figure A1.2.
Thus, eq. Al.1 can be written as

Ef = hv — Ex — @, (A1.2)

where E} is the binding energy referred to the Fermi level. The binding
energy is usually calibrated with a clean Au standard, which has its
main 4f;,, peak at 84.0 eV.

A typical schematic drawing of a XPS instrument is shown in
figure A1.2b. The main components are the X-ray photon source, the
analyzer and the detector. The X-rays are irradiated on the sample,
causing photoelectrons to be emitted and collected by electron optics.
An electron lens then guides the photoelectron into the analyzer, in
which electrons with a specific kinetic energy are selected and finally
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Figure A1.2. a) Schematic basic principle of X-ray photoemission. b) XPS
setup composed of a X-ray photon source, a vacuum manipulator to hold
and move the sample, an analyzer and an electron detector. See text for more
details. Figure adapted from [138]

detected. The XPS spectrum is obtained by varying the selected kinetic
energy and measuring the photoelectron current detected for each
energy value. The whole experiment usually takes place in UHV for
two reasons: first, the photoelectrons can travel without colliding with
gas particles and second, the composition of the sample takes longer
to degrade in UHV.

The XPS measurements in this thesis were carried out using a
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Phoibos-100 electron analyzer (SPECS GmbH), using a non monochro-
matic Al Ka photon source of 1486.6 eV. The spectra were calibrated to
the substrates main core level (for example Au 4f for Au(111)).

X-rays sources usually consist on an anode made of a target ma-
terial like Mg or Al which is irradiated by a high-energy (~10 keV)
electron beam. The atoms of the target anode then produce fluores-
cence X-rays and electrons. Synchrotron radiation can also be used as
a highly collimated and polarized source for XPS. Using a monochro-
mator, a broad range of X-ray energies (from infrared to hard X-rays)
can be used for photoemission experiments. The most widely used
type of analyzer in XPS experiments is the hemispherical electron
energy analyzer. It consists of two concentric hemispherical electrodes
held with a voltage across them. The voltage of the analyzer is held
fixed, while the electron lenses are swept to scan at different energies.
The detection can be parallelized by using several discrete electron
detectors (channeltrons) or microchannel plates.

Photoelectrons from elastic scattering do not lose any energy in the
transport through the solid and yield sharp, nearly symmetric peaks
in the energy spectrum. These peaks correspond to the core levels and
appear as peaks in the XPS spectrum, like the example shown in figure
A1.3. A high resolution zoom on the C 1s core level peak is shown
in the inset of the figure. An asymmetric background appears in this
spectrum as a step on the high binding energy tail. This background
corresponds to inelastic scattering and a continuous Bremsstrahlung
contribution.

The peaks in the spectrum appear as singlets (s orbitals) or doublets
(p, d and f orbitals). The latter are degenerated, as several states
have the same energy. The double peak structure is due to spin-
orbit coupling or j — j coupling (after the total quantum momentum
j = I +5s): the spin interacts magnetically with the angular momentum,
splitting the energy levels. This splitting can be of several electron
volts and depends on the specific element and orbital. The anti-parallel
spin configuration is more stable, so the peak corresponding to lower j
always has higher binding energy. The degeneracy 2j + 1 determines
the intensity of the components. For example, for a d orbital, the
degeneracy of ds5,, and d3/, levels is 3 and 2, respectively, so the ratio
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Figure A1.3. XPS spectrum of Indium Tin Oxide (ITO) with labels of the main
core level transitions. The photon energy is 1486.6 keV (Al Ka1 7). Inset: high
resolution zoom on the C 1s core level.

between the areas of these components is 3 : 2.

The binding energy depends on the type of target atom and the
presence of other atoms bonded to it, as these bonds affect its electronic
structure. Therefore, shifts of the binding energy are directly related
to information about covalent, ionic and coordinated bonds.

Al1.2.1 Surface sensitivity

X-rays with around 1 keV can penetrate around 1 ym through the
bulk of solids, but photoelectrons with the same energy can travel
only around 10 nm. This means that only electrons from the few top
layers contribute to the photoemission peaks in XPS as illustrated in
figure Al.4. Electron attenuation by an overlayer is described by the
Beer-Lambert law:

-z
I, = Ipexp (Asinf)) (A1.3)

where I, is the intensity of electrons emitted from the atoms at a depth
z, Iy is the electron intensity emitted from the surface, 6 is the take-off
angle of the electrons from the surface and A is the elastic attenuation
length (EAL). The EAL is a parameter obtained in base to the inelastic
mean free path (IMFP) [97]. The IMFP is the average distance an
electron can travel between inelastic scatterings. The thickness z of a
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layer A deposited on a substrate B may be estimated by comparing
the peak area of a core level from the clean substrate with the same
(attenuated) peak after depositing the layer A.

Figure A1.4. Surface sensitivity of XPS: only electrons from the outermost
layers (a) can escape from the solid, whereas electrons at intermediate depth
scatter inelastically (b) and contribute to the background or do not escape
from the bulk (c). Taken from [137].

A1.2.2  Background correction

Several types of baselines are used to model the background in XPS
spectra. The background around core level peaks in this thesis have
been corrected using a Shirley model. This model assumes that a
fraction of all photoelectrons with higher kinetic energy contribute to
the background of lower energies. The background curve of a peak
between the energies Epin and Epax is obtained iteratively as

F"(E) = J(E) — ky /EEmax FY(E') dE’ (A1.4)
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where FO = J(E) is the uncorrected photoelectron intensity at
energy E and k, is defined such that F"(Epin) = 0.

A1.2.3  Quantification of elements on the surface

The abundance of each element in the outermost layers of a sample
can be estimated by analysing the corresponding XPS peaks. Assum-
ing that the concentration of the elements are homogeneous within
the sampling depth, the photoemission intensity of the orbital X of
element A is

IA(X) = TlAFO'Arx/\A]/TQ = TlAS, (A15)

where 14 is the number of atoms of element A per volume unit, F is
the X-ray flux, ¢4 x is the photoelectric cross section for the orbital X of
that element, A is the mean free path of photoelectrons in the sample,
y is the efficiency of in the photoelectric effect, T is the detection
efficiency and 6 is an angular efficiency factor. The atomic sensitivity
factor S encompasses all these factors and is available in the literature
[104, 139, 140].

Quantification in XPS analysis is usually performed by comparing
the concentration of different elements in the samples:

ng  h/S

ny  L/Sy

(AL.6)

as the ratio S1/5; is matrix-independent for all materials.

Al.2.4 Peak fitting

The spectra fitting was performed using custom-made software writ-
ten in Python and the Imfit library [105]. The core levels are modeled
as a pseudo-Voigt function (Lorentzian to Gaussian ratio of 0.6) convo-
luted with a Shirley type background. The error in the estimation of
the position of the maxima derived from fitting is 50 meV. However
we only consider as significant shifts higher than 100 meV, which is
the energy step we use in the adquisition. The goodness of fit is given
by a x? parameter of about 0.05 counts (in A.U.) when the data are
normalized to a maximum intensity of 1. Here x*> = Y;(y; — Yi)?/Y;,
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where y; and Y; are the data intensity values and the expected values
from the fit respectively.

All the processing and analysis of XPS data presented in this thesis
were carried out with custom-written software, available for free at
https://github.com/proscrite/xps_sw.

A1.3 Scanning Tunelling Microscopy

Scanning Tunnelling Microscopy (STM) is a technique used to image
surfaces at the atomic level. This technique allows for a lateral reso-
lution of 10 pm and a vertical resolution as low as 1 pm, so features
smaller than 100 pm can be distinguished. STM is based on the quan-
tum tunnelling effect: a very sharp metallic tip is brought to a distance
of ~5-10 A from a conducting surface and a bias voltage is applied
between the two so that the electrons tunnel through the vacuum sep-
arating them. A tunnelling current travels through the vacuum gap
and can be used to control the distance between the surface and the
tip with high precision. Changes of 1 A in the gap distance typically
cause the tunnelling current to decrease by an order of magnitude.

Figure A1.5. [llustration of the quantum tunnelling effect. The wave function
of a free electron in the sample is damped exponentially by crossing to the
STM tip through the potential barrier of height @. This height is the effective
local work function, i.e. the energy to bring the electron from the sample
electrode to the vacuum level. Er are the Fermi levels of the metal electrodes
and s is the barrier width. Taken from [141].

The physical process of quantum tunnelling can be best under-
stood in the one-dimensional case, as shown in figure A1.5. The wave
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function of a free electron in the sample is damped exponentially by
crossing to the STM tip through the potential barrier of width s and
height ®. Er are the Fermi levels of the metal electrodes.

The exponential relationship also holds in the 3D case. The tun-
nelling current takes the form

I < k4 2e™ 2, (A1.7)

where x = %\/Zrne@ and m, is the electron mass. Equation A1.7 shows
the same exponential dependence of the tunnelling current on the
distance between the tip and the sample.

A scheme of an STM setup is shown in fig. Al.6a. The main
components are the tip and the feedback control, which regulates
the distance to the sample based on the changes of the tunnelling
current. Movements in the x—, y— and z—directions are controlled
by piezoelectric crystals, which contract or expand in a well defined
manner when a potential is applied on them. Either the tip or the
sample may be mounted on this crystals.

An STM can be operated in two imaging modes: constant current
and constant height. In the constant height mode, the bias between
the tip and the sample is held at a constant value as the tip scans over
the surface. Along this scan, the variation of the measured tunnelling
current with the position can be translated into an image. The most
common mode of operation is constant current mode. In this mode,
the tunnelling current is measured at each point and the height is
adjusted via a feedback loop so that the current is held at a constant
value. These variations of the z-voltage are translated into changes of
the height, and the contour map in x, y approximates the topography
of the surface.

An example of STM image with bond resolution can be seen in
figure Al.6b, corresponding to the model of a starphene (Fig. Al.6c¢).
Bond resolution can be achieved by acquiring the image with a CO
molecule attached to the STM tip.

The STM experiments shown in this thesis were performed with a
commercial Scienta-Omicron ultra-high vacuum LT-STM at 4.3 K. A
W-tip was used. Topography images were measured using constant
current mode, while for bond resolution images constant height mode
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Figure A1.6. a) Scheme of an STM setup. The tip scans in the x — y plane and
the feedback keeps the tunneling current constant by regulating the distance
to the sample. The movements in all three axis are controlled by piezo drives.
Taken from [141]. b) Example of an STM image of a starphene molecule with
bond resolution, the white bar on the lower left corner indicates a scale of 1
nm. Taken from [93]. ¢) Model of starphene molecule.

was used. During the STM experiments, the tip was functionalized
with CO for bond resolution STM by exposing the sample to low
pressure (approximately 1 x 10~® mbar) of CO whilst the sample was
held below 7 K. CO molecules were trapped by the tip from their
adsorption sites via scanning over them or by applying ~ 2 V bias
voltage pulses.

A1.3.1 Scanning Tunnelling Spectroscopy

Scanning tunnelling spectroscopy (STS) is performed by varying the
bias voltage at which the STM images are recorded. Tunnelling spec-
tra are obtained by measuring locally the variation of the tunnelling
current [ with respect to the variation of the bias voltage V. With a
fixed tip position and separation, I-V curves are obtained. The tunnel-
ing conductance dI/dV is directly proportional to the sample Local
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Figure A1.7. Electronic structures and corresponding I-V curves and dI/dV
curves of tunnelling spectroscopy. Taken from [142]

Density of States (LDOS) ps:

dI
T < ps (Er —eV). (A1.8)

Local conductance of the sample can be inferred from STS. Fig-
ure A1l.7 shows the typical dI/dV profiles for metals, semi-metals,
semiconductors and insulators. Metals and semi-metals do not have a
gap between occupied and unoccupied states, so the I-V curves are
mostly linear. For semi-metals, there is a gap in the momentum space
(the waves are out of phase) so the conductance around the Fermi
level decreases, and bends the density of states at low voltages. The
conductance around the Fermi level of semiconductors and insulators
is zero. For semiconductors, the band gap, Eq = |V, pias| + |V_bias|, is
relatively small, so the LDOS is highly bent. The LDOS is flat as for
insulators and energy gap E, cannot be bridged.
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Figure A1.8. (Left): Schematic potential (bottom) of the K-edge states of a
diatomic molecule and the resulting structure in the NEXAFS spectrum (top).
Taken from [143]. (Right): NEXAFS on the C K-edge of acetone adsorbed on
CeO;(111) (Inset) showing different 7t* peaks components (C=0, CH3 and
C=C), at different preparation and annealing temperatures. Taken from [144].

Al.4 X-ray Adsorption Spectroscopy

Several methods of X-ray adsorption spectroscopy (XAS) are used
in surface science to obtain chemical and structural information of
molecules on surfaces. X-ray adsorption involves electron transitions
into unoccupied states, which can be probed with these techniques.
Measuring spectra of X-ray absorption requires varying the photon en-
ergy, so the technique is performed in synchrotron radiation facilities.

The X-ray absorption spectrum is usually divided in two regions:
the range up to around 50 eV above the absorption edge is known as
Near Edge X-ray Absorption Fine Structure (NEXAFS) —or, equiva-
lently, X-ray Absorption Near Edge Structure (XANES); and the range
above 50 eV until several hundred eV is known as Extended X-ray Ab-
sorption Fine Structure (EXAFS). The latter yields information about
local coordination distances and is due to interference effects in the
wave function of the excited electron. We focus on NEXAFS as it pro-
vides information on the chemical environment of single elements and
their coordination geometry.
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Figure A1.9. Geometric models of molecular orbitals: (a) single o bond (H-C-
C-H) between hybridized sp orbitals, (b) double 7t bond between hybridized
sp? orbitals, (c) triple ¢ — 7w bond from hybridized sp? orbitals, (d) o- and 7-
bonds from sp? and p; orbitals, respectively, in an aromatic ring.

A scheme of the typical NEXAFS spectrum can be seen in figure
A1.8 (left, top). The structure of this spectrum can be best understood
by studying a model of the occupied and unoccupied states of a di-
atomic molecule as in fig. A1.8 (left, bottom). ¢- and 7r- molecular
orbitals are filled states, whereas 0*- and 7t*- are unfilled states. If the
incoming photon energy matches exactly the difference between an
initial state and an unoccupied molecular state the transition takes
place, producing the peak in the absorption spectrum.

NEXAFS can be used to investigate the nature of the molecular
bonds and their oxidation states. The latter determines the position of
resonance peaks, in the same way as in XPS. Figure A1.8 (right) shows
three NEXAFS spectra at the C K-edge region of acetone adsorbed on
CeO»(111)/Ru(0001) in different conditions: (A) multilayer acetone
(60 L) deposited at 95 K, (B) 5 L acetone at 95 K then annealed to 175 K
and (C) 8 L acetone on reduced CeO; 75(111) annealed to 300 K. The
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Figure A1.10. Schematic of a typical X-ray beamline at a synchrotron radia-
tion facility. Radiation from an insertion device (bending magnet, wiggler
or undulator) is extracted into the beamline and filtered by wavelength by a
monochromator. The beam is then focused into the sample to perform X-ray
experiments. Taken from [145].

two main peaks at 286.2 eV and 289 eV in all three cases correspond
to the C=0 and CHj3 environments, respectively. In (C) an additional
7T* resonance appears at 284.5 eV, corresponding to C=C bonds, from
interaction between the acetone and the reduced cerium surface. All
spectra were recorded at normal (black line) and grazing incidence
(gray line).

The X-ray absorption depends on the polarization of the incoming
photon, which can be used to study the orientation of molecules on
surfaces. This dependence is evident on fig. A1.8 (right), in particular
in the spectrum (B). The (C=0) resonance is the same at normal and
grazing angles, whereas this is not the case for the CHj3 resonance.
This indicates that the molecular plane is tilted away from the surface
normal, as shown in the inset of the figure.

The variation of the NEXAFS structure with the light polarization
can be studied by rotating the sample to change the angle between the
electric vector and the surface. The molecular orbitals in the sample
present high directionality, as shown in figure A1.9, so different res-
onances appear when the electric vector is parallel to the molecular
orbital vectors and planes.
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XAS experiments require high-brilliance, polarized X-ray sources
and the capacity to vary the photon energy. Therefore, these experi-
ments are carried out in synchrotron radiation facilities. Synchrotron
radiation is produced by charged particles traveling at relativistic
speeds in curved paths. Dedicated facilities operate storage rings
where electrons (or positrons) circulate at constant energy to produce
this radiation. The X-rays are emitted tangentially to the electron orbit
with an opening angle in the order of ~ 1 mrad and extracted into a
beamline for use in different X-ray experiments. A scheme of a typical
beamline is shown in figure A1.10. The X-rays extracted from the
storage ring interfere coherently in an undulator and the particular
wavelength of interest is selected by a monochromator. The X-ray
spectrum ranges from the far infrared to the hard X-ray region, so
the monochromator is used to tune across a defined range for each
particular technique.
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A2.1 Two-Photon Adsorption Microscope

The Two-Photon Adsorption Microscopy experiments conducted in
this thesis were carried out in collaboration with the group of Prof.
Pablo Artal and Prof. Juan Manuel Bueno from the Laboratorio de
Optica (LOUM) & Centro de Investigacién en Optica y Nanofisica
(CiOyN), University of Murcia (UM). We took advantage of the fact
that the emission spectra of the FBI and FBI-Ba*" for an excitation
light of 250 nm and of 400 nm are very similar and used a mode-
locked Ti:sapphire infrared laser (800 nm) as the illumination source,
inducing the absorption of two photons of 400 nm each. This laser
system provided pulses of infrared light with a repetition rate of 76
MHz. The pulse duration was 400 fs on the sample plane.

The setup is sketched in figure A2.1a. The beam was reflected on
a dichroic mirror, passed a non-immersion objective (20x, NA = 0.5)
and reached the sample, illuminating a spot limited by diffraction
to a volume of about 1 yum?. A d.c. motor coupled to the objective
allowed optical sectioning across the sample along the Z direction.
This image modality is known as Z — X tomographic imaging and we
call these tomographic images "profiles’ (figure A2.1d). In addition,
we obtained 3D tomography images, which were assembled from 40
X — Y scans of 75 um x 75 ym. Each scan corresponded to a different
depth Z, in steps of 10 ym. The resulting images were then combined
in a 3D image (figure A2.1c) using custom software [146]. The emitted
light was collected through the same objective and passed the dichroic
mirror. Finally, before reaching the photomultiplier tube used as the
detection unit, the TPA signal passed through either a high-pass, green
filter with A > 450 nm, or a band-pass deep-blue filter of (400, 425) nm.
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Figure A2.1. Two-Photon Absorption (2PA) Microscopy setup. a, Illustration
of our setup. An infrared (800 nm) laser passes through a dichroic mirror and
fills the back plane of the objective (20 x, NA = 0.5) of an inverted microscope.
The laser is focused in the sample, with a spot limited by diffraction (for
example, a volume of about 1 um?). The emitted fluorescence passes through
a selection filter before being recorded by a PMT. b, Log-log plot showing the
quadratic dependence of the intensity on the power, which is characteristic
of TPA. ¢, reconstructed 3D projection of the chelated (left) and unchelated
(right) pellets. d, Two-dimensional scan (profile) across the silica pellet.
Integration of the profile yields an integrated signal that can be used for the
normalization of the FBI samples.

The measurements were carried out at a nominal laser power of
100 mW. The dependence of the fluorescence intensity with the laser
power is shown in figure A2.1b, with the slope of the linear fit nearing
a value of 2, as expected in 2PA.

A2.2 Fluorescence Spectroscopy

The continuous emission spectra of solutions and solid samples were
acquired on an Edinburgh FLS-1000 Fluorescence Spectrophotometer.
This light source used for excitation is a xenon arc lamp, which emits
continuous (incoherent) radiation from 230 nm to 1500 nm. A us Flash-
lamp producing pulses up to 100 Hz in the same spectral range is also
available but was not used. The excitation wavelength is filtered by a
Czerny-Turner monochromator with a resolution lower than 0.1 nm.
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Figure A2.2. Scheme of the fluorescence spectrophotometer used to acquire
emission spectra. The main subelements are labelled. EPL/EPLED: Edim-
burgh Pulsed Laser/LED. CW Laser: Continuous Wave Laser. Taken from
[147].
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A (nm)
Figure A2.3. Fluorescence spectra of FBI-G1 unchelated (green, dashed) and
chelated (blue, solid). The spectra were acquired with an excitation light of
250 nm.

The excitation light is focused on the sample by a lens. Since the light
is non-coherent, the axial resolution of the focused spot is limited to
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the range of mm. The sample is oriented in a 90° angle geometry to
avoid detecting reflections from the excitation light. The fluorescence
emission is then collected by a lens, filtered by the emission monochro-
mator and detected by a PMT with a wavelength coverage of 185-900
nm. The intensity detected at each wavelength is plotted and results
in a fluorescence emission spectrum. One example of fluorescence
spectrum is shown in figure A2.3. For the measurements presented in
this theses, the monochromator bandwidth of excitation and emission
was fixed at 5 nm.

Using a PMT as detector also allows to perform Time-Correlated
Single Photon Counting (TCSPC) or Time-resolved fluorescence mea-
surements. A pulsed laser or LED (EPL/EPLED) is used for these
measurements to reach a lifetime resolution of the order of picosec-
onds.
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