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Abstract

Photoluminescent Lanthanide-based Materials for Probing Temperature
and Pressure for Further Tribological Applications

Accurate measurement of local temperature and pressure in tribological contacts has long
been a challenge. The development of non-contact photoluminescent nanosensors has offered
new possibilities for precise and non-intrusive measurements in tribology. This thesis
develops rare-earth-based photoluminescent sensors for the local temperature and pressure
measurement in frictional contacts. Gadolinium orthovanadate upconversion nanoparticles
(NPs) doped with Yb3" and Er®* are synthesized and exhibit reversible sensitivity to
temperature (20-300°C) thanks to the luminescent intensity ratio (LIR) of the Er** emission.
The uncertainty in temperature calibration caused by laser-induced heating is corrected. The
independence of temperature calibration from pressure is verified in a fluid suspension
subjected to a hydrostatic pressure up to 1GPa. In addition, a new method of pressure sensing
is proposed using LIR of Tb**/Eu®" emission from a B-diketonate complex. Under hydrostatic
below 700 MPa, the Ln complex exhibits excellent sensitivity and reversibility. A prior
temperature calibration is required to correct the sensitivity of the LIR of this complex to the
temperature for pressure sensing. These sensors have potential applications for accurate
measurement of temperature and pressure in tribological systems.

Keywords : Photoluminescence, Nanomaterials, Thermometry, Manometry, Lanthanide-
complexes, Tribology.
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Résumé

Matériaux Photoluminescents a Base de Lanthanides pour Mesurer la
Température et la Pression en vue d'Applications en Tribologie

La mesure précise de la température et de la pression locales dans les contacts
tribologiques est un defi de longue date. Le développement de nanosondes
photoluminescentes a offert de nouvelles possibilités de mesures précises, et non intrusives en
tribologie. Cette these développe des sondes photoluminescentes a base de terres rares pour la
mesure locale de la température et de la pression dans des contacts tribologiques. Des
nanoparticules & conversion ascendante d’orthovanadate de gadolinium GdVO, dopées Yb3*
et Er¥* sont synthétisées ; elles présentent une sensibilité réversible a la température (20-
300°C) grace au rapport d'intensité luminescente (LIR) de I'émission des ions Er".
L'incertitude de la détection de température causée par le chauffage induit par laser est
corrigée. L'indépendance de la calibration de la température par rapport a la pression est
veérifiée dans une suspension fluide soumise a une pression hydrostatique allant jusqu'a 1 GPa.
En outre, une nouvelle méthode de détection de la pression est proposée en utilisant le LIR de
I'émission de Th*/Eu®" dans un complexe de p-dikétonate. Sous une pression hydrostatique
inférieure & 700 MPa, le complexe de Tb**/Eu®* présente une excellente sensibilité sans
hystérésis. Un étalonnage préalable de la température est nécessaire pour corriger la sensibilité
du LIR de ce complexe a la température pour la détection de pression. Ces sondes
photoluminescentes présentent un potentiel d’application pour la mesure précise de la
température et de la pression dans des systémes tribologiques.

Mots-clés : Photoluminescence, Nanomatériaux, Thermomeétrie, Manométrie, Complexes de
lanthanide, Tribologie.
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Extended Abstract

This thesis focuses on the development and characterizations of rare-earth-based
photoluminescent sensors for the local measurement of temperature and pressure in a friction
contact, with a view to subsequent tribological applications. To overcome the limitations of
traditional electrical devices for surface characterization in tribology, optical nano-sensors for
temperature and pressure measurement are investigated. The use of light as an information
transmission offers advantages such as non-contact, high penetrability, and real-time
monitoring, enabling substantial temporal and spatial resolution.

Among the various types of photoluminescent sensors, rare-earth compounds are chosen
because of their desirable spectral properties. The long lifetime and narrow peak of Ln3*
emission allow high accuracy and simple data processing. Furthermore, the chemical
characteristics of Ln-based materials make them suitable for sensing applications. In addition
to their low toxicity, high chemical stability, and excellent functionalizability, their versatility
allows for the customization and adaptation of the materials to meet the specific requirements
of different tribological systems and applications.

This thesis demonstrates the successful synthesis of gadolinium orthovanadate GdVOa:
Yb*/Er®" upconversion nanoparticles (NPs) through a co-precipitation method. These NPs
exhibit accurate and reversible temperature sensitivity between 20 to 300°C, as indicated by
the luminescent intensity ratio (LIR) of Er** emission under near-infrared excitation. Laser-
induced heating effects are observed both in the NPs powder and in the high-concentration
dispersed medium at high irradiation intensity, but a correction method has been developed to
address this issue. NPs, dispersed in solid and fluid lubricants at low concentration, enable
precise temperature measurements while preserving the initial properties of the material.
Temperature calibration under varying hydrostatic pressure (up to 1.1 GPa) confirms the
negligible impact of pressure on thermometry, establishing the applicability of GdVOa:
Yb*/Er®* nanosensors for temperature measurement under varying pressure conditions.

In the second part of this thesis, a novel self-monitoring pressure sensor is developed by
Th*/Eu®* B-diketonate complexes. Ln complexes exhibit different nuclearities depending on
the coordinated ligands, leading to different structures and thus different interionic distances.
Three types of Ln complexes are studied in this part. Using Th®" as the Eu®*sensitizer, the rate
of Th*-Eu®" energy transfer is strongly impacted by the distance between them. Based on
FRET theory, this process is applied to pressure sensing. Using Th/Eu LIR under excitation at
405 nm, the Tb3/Eu®* mononuclear complex demonstrates self-calibrated, reliable, and
reversible pressure sensitivity (up to 700 MPa). Since the Tb/Eu LIR is also influenced by
temperature variations up to 60°C, temperature calibration is required for accurate pressure
measurement. The emission of a complex suspension has also been studied under different
shear rates. The results show that the reliability of pressure sensing is limited at low shear
rates (< 500 s) in the complex suspension.

The rare-earth-based photoluminescent sensors studied in this work show promising
potential for tribological applications. GdVOa: Yb*'/Er®* upconversion nanoparticles exhibit
pressure-independent thermometry, and laser-induced heating effects are negligible at low NP
concentrations. In addition, a Tb®/Eu®* B-diketonate complex exhibits high sensitivity to
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pressure due to variations in the energy transfer process resulting from structural changes.
These sensors are further analyzed under frictional conditions using solid and fluid lubricants,
showing excellent applicability for future tribological measurements.
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General Introduction

Photoluminescent (PL) sensors have received increasing attention in a variety of
applications in recent decades. When light is used as an information carrier for a measurement
device sensor, advantages such as noncontact, high penetrability, and fast response allow
substantial temporal and spatial resolution. Depending on the physicochemical characteristics
of the materials, their photoluminescence can be sensitive to various physical variables.

This thesis aims to develop PL sensors for the local measurement of temperature and
pressure adapted for tribological tests. In this context, PL sensors should provide high
sensitivity to temperature or pressure variations. This sensitivity must be as far as possible,
independent of any other varying parameters in the contact. In addition, optimization of
detectability, accuracy, reliability, and reproducibility compared with traditional techniques
such as Raman spectroscopy, infrared thermography and electric resistivity should be
considered. For further in situ tribological measurement, PL sensors are inserted into different
media (fluid or solid), and the collaboration of matrix and the sensor is evaluated by the
optical and mechanical properties of the mixture, which is called the composite PL material.
Among the many PL sensors, Lanthanides (Ln)-based PL materials will be further studied in
the present work. Thanks to their spectral features, such as long emission lifetime, sharp
emission peak, leading to the simplicity of data collections and processing, thus resulting in
high resolution and accuracy in measurement.

The emission characteristics of Ln-based materials, specifically Ln®* ions, are highly
sensitive to the surrounding environment. The radiative emission of the f-f transitions is
initially forbidden by the Laporte selection rules. However, these selection rules can be
relaxed by alterations in local crystal symmetry or through interactions with the surrounding
environment. Changes in temperature or pressure can influence crystal symmetry or alter the
local environment around Ln®' ions, thus affecting luminescence. This sensitivity to
temperature and pressure variations allows Ln-based materials to be utilized as sensors for
these parameters.

The long emission lifetimes of Ln-based materials, resulting from the restrictions imposed
by Laporte selection rules, offer several advantages for sensing applications. One of these
advantages is the manipulation of nonradiative pathways, particularly through energy transfer
(ET) processes. Based on the Forster resonant ET (FRET) theory, the interionic distance
between the Ln®" sensitizer and the Ln®" acceptor has a significant impact on the ET rate.
Pressure-induced structural contraction can thus lead to enhancement in the ET rate, resulting
in a variation in emission characteristics. The emission can be expected to be manometric to
exploit an Ln-based potential pressure sensor.

Temperature sensing by Ln-based sensors following the principles of the Boltzmann
distribution, is typically achieved through the Luminescence Intensity Ratio (LIR) method.
The LIR method relies on the temperature-dependent populations of different energy levels
within the Ln-based material. The LIR method involves measuring the ratio of luminescence
intensities emitted from two thermally coupled energy levels within the Ln-based material. By
monitoring the ratio of luminescence intensities, it is possible to determine the temperature of
the system based on the Boltzmann distribution. Compared with other temperature sensing
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methods, the LIR method is self-monitoring as the measurement is not limited to external
spectral references. By selecting appropriate energy levels within the Ln-based material,
temperature sensing by the LIR method can be highly accurate and simply processing. Those
advantages make LIR-based thermometry well-suited for non-contact and non-intrusive
temperature sensing in dynamic tribological systems.

Compared to Ln-based thermometers, Ln-based pressure sensors have received less
attention and are relatively less studied. This indicates a research gap in the field, highlighting
the potential for further investigation and development of Ln-based materials as pressure
sensors in the context of tribology. Exciting pressure sensors of Ln-based materials are mostly
based on the peak-shift method. However, requiring wavelength reference during
measurement by peak-shift method will be difficult for dynamic sensing applications. In
addition, the development of a reliable PL pressure sensor capable of measuring in the 0-1
GPa range for tribological tests, with the desired sensitivity, accuracy, and reliability, is an
ongoing research area. In this work, the challenge is thus to develop a novel method based on
the self-monitoring LIR method and incorporating a FRET system, for pressure sensing in the
range up to 1 GPa. This approach involves ET between two Ln®" ions, where the ET rate is
sensitive to the structural contraction induced by pressure.

Focusing on Ln-based PL materials and exploring their temperature and pressure sensing
capabilities for tribological applications, this work presents Yb*/Er¥*-doped GdVOs
nanoparticles (NPs) as PL thermometer, and the Tb3*/Eu*-based B-diketonate complexes as
PL manometer. The thesis is structured as follows:

- Chapter 1: This chapter provides an overview of the project context and the theoretical
aspects of rare-earth trivalent ions photoluminescence. It discusses the mechanisms and
characteristics of various methods for temperature and pressure sensing by photoluminescence
of Ln®*"-based materials.

- Chapter 2: The second chapter focuses on the chemical synthesis of the PL sensors and
their structural and mechanical characterizations. It also explores the incorporation of PL
sensors into fluid or solid matrices and evaluates the mechanical properties of the resulting
mixtures.

- Chapter 3: This chapter is dedicated to the PL thermometer using Yb%*/Er®*-doped
GdVOs nanoparticles (NPs). It presents the PL properties and temperature calibration of the
NPs and their incorporation into matrices. The reliability of these NPs as thermos-sensors in
in situ tribological measurements is discussed, considering their thermometric properties
under pressure-coupling environments and laser-induced heating.

- Chapter 4: The fourth chapter focuses on the pressure-sensitivity of PL B-diketonate
complexes based on Tb3" and Eu®". It discusses the peak-shift-based and LIR-based sensing
methods for measuring hydrostatic pressure up to 1 GPa. The applicability of the Th3/Eu®* -
diketonate complex as a LIR-based pressure sensor in dynamic measurements is explored,
considering the pressure sensitivity at different temperatures and shear rates.
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Chapter 1:
State of art
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1. State of art
1.1 Context

1.1.1 The tribological contact

The term ‘Tribology’ became widely used after being reported for the first time in “The
Jost Report” published in 1966.! This report highlighted the huge cost of friction, wear and
corrosion to the UK economy. Tribology is defined as the science of friction, lubrication and
wear.2# Friction is the force generated between the two contacting and sliding surfaces,
resisting to the relative motion of these two surfaces, which is ubiquitous in our daily life. The
history of human using friction to simplify life can be dated back more than 100 000 years
ago. Nowadays, tribology has become an important part of mechanical engineering in many
fields such as aeronautics and automotive industries or bio-medical field. Since the first
construction of the tribological mechanism, the way to control wear and friction has been
studied.

To describe the tribological contact, including fluid and solid lubricated contact, as well as
dry contact, Godet introduced the third body concept.® The so-called third body includes all
the interfacial elements between the contacting surfaces (called first bodies), Figure 1.1. It
includes fluid or solid lubricant, generated debris, oxide layers, ...

The dimension of the third body depends, among other parameters, on the surface
geometry and the mechanical properties of properties of the first body. Its characteristic
dimensions range between thickness of few nanometers up to several microns. The third body
separates the two first bodies while accommodating most of their difference in speed. The
tribological contact size might be lower than 500 um in diameter. The surface contact
velocities may reach values higher than 10 m/s). Based on these extreme values the transient
time of the third body in the contact may range between 10°-10° seconds. This implies
important difficulties to have access to the contact and perform local measurements of
parameter that can vary importantly.

Mechahism

Mechanism

Figure 1.1: Schematic presentation of the third body in tribological contact. (Figures from
ref.6, Y. Berthier. 1996. Copyright @ Tribology Series)
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Friction and wear are not intrinsic initial material properties but are controlled by the
tribo-system parameters. It is convenient to consider that the parameters affecting friction and
wear are interacting with each other. These factors among others include normal load, local
temperature, relative surface motion and sliding speed, surface roughness, surface material
nature, lubrication, stiffness of the device containing the contact, environment (gaz, partial
pressure...) of the contact zone ...

In general, an increase of applied load leads to an increase of friction and wear, attributed
to the effect of load on asperities interaction. Hence, an increase of friction results in a
temperature rise which may affect the surface (mechanical properties such as hardness,
oxidation, contaminating film formation, ...) and alter, as the consequence, the wear
resistance of the surface. Variation of the sliding velocity leads to a variation of the shear
stress, altering the mechanical properties of the contacting material. Furthermore, the effect of
sliding speed might also increase the surface temperature locally. Regarding lubricated
contact, temperature and pressure variations between two contacting surfaces affect the
rheological properties of the interface. The shear stress may also affect the rheological
properties of the lubricant. The viscosity directly influences the lubricant film thickness, and
consequently, wear and friction that control the life and performance of the tribological
system.”®

Among the previously mentioned factors, local temperature and pressure are two relevant
parameters in tribology to understand and predict the behavior of the interface between solids
in contact. The tribological contact is complex since the combination of the applied load, the
surface geometry, roughness, sliding speeds and the lubricant characteristics leads to local
pressure and temperature gradients in the whole area of contact. Therefore, local temperature
and pressure measurement with high accuracy and efficiency has become a major topic in
tribology research.

1.1.2 Review of experimental technigues to measure P&T in tribological
contact
In the literature various techniques for measuring temperature or pressure in a tribological
contact are detailed in dedicated review paper considering dry contact® or lubricated contact.”
The next sections aim to give an overview of the main developed methods to measure
pressure and temperature in the tribological contact.

1) Thermocouple.

Inserted thermocouple in the material is one of the earliest traditional temperature
measurement technologies, in particular for cutting tool application. The thermocouple is
embedded in near-surface material, several millimeters away from the contact surface to
protect the thermocouple from frictional damage.’**® First, the introduction of the
thermocouple in the solid/close to the surface alters heat transfer and thus temperature
distribution in the solid. Second, direct measurement of the temperature is not possible due to
the distance from the surface. Consequently, the accuracy of the measurement is limited.
Moreover, the insertion of thermocouple in the material with accurate localization is
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considered as a difficult manipulation due to the size of current thermocouple that is small
( about 70 pum for a typical chrome-nickel thermocouple4). Moreover, the limited transient
response of thermocouple due to their thermal inertia limits this technique to punctual
measurements. For sliding surfaces, thin film thermocouple (TFTC), having better response
time (~1s) and smaller measuring spatial resolution, were also developed.®®

2) Electric resistivity for pressure and temperature measurement

The sensibility to temperature and pressure of certain materials is shown by their change in
electric resistance. Thin film of a few micrometers of thickness made from these kinds of
materials is used in temperature and pressure sensing in friction contacts. For temperature
sensing, the thin film in platinum and titanium is widely used.'® Moreover, manganese-based
thin film (Cu - Mn - Ni) is used as a pressure sensor since its electric resistance is highly
pressure-sensitive but slightly sensitive to temperature.!” Thin film sensors are required to be
deposited on electrically insulating materials such as ceramic substrates®® (sapphire, zirconia,
silicon nitrite, etc.) or on protective insulating coatings (usually aluminum oxide or silicon
oxide) when used on metal surfaces. However, the deposition of an additional film, even with
0.1 um of coating thickness is intrusive. Indeed, the response could be disturbed by their
different thermal or mechanical properties to the substrate. In elastohydrodynamic lubrication
(EHL) where the lubricant film thickness ranges between few nanometers and hundreds of
nanometers, the thickness of sensor is not negligible. Moreover, reduced lifetime of deposited
film sensor is another issue due to the severity of the contact conditions. Small variations of
the sensor dimensions and/or mechanical properties during the fabrication will affect the thin
film sensor response to pressure or temperature, which require individual calibrations for each
sensor.

3) Infrared thermography for temperature measurement.

Based on the theory that heat induces infrared (IR) radiation, IR thermography is a
technique currently used to measure temperature. The first application of IR thermography in
temperature measurement was performed by Winer et al. in 1970s in lubricated contact.!® This
technology requires an IR radiometric detector and corresponding filters, and also the pre-
calibration of experimental temperatures to distinguish various sources of radiation.?° This
technique was also used to measure temperature in dry contact.?’??> The experimental
approach is considered intrusive since it might require the use of infrared reflective materials,
for example a chromium coating or to know the local emissivity of the surfaces involved.
Moreover, different sources (solid surfaces and bodies, lubricant film or the interface and the
environment) contribute to the overall IR radiation, and they must be separated by applying
appropriate coatings on the transparent disc and/or using different filters. However, IR
thermography can be used as a complementary technology to others temperature
measurements to optimize accuracy.
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4) Raman micro-spectroscopy

Raman spectroscopy is a non-destructive analytical technique based on Raman diffusion.
It provides chemical and structural information. It is based upon the interaction of light with
the chemical bonds within a material. A Raman spectrum represents the vibrational movement
of chemical bond in a molecule. The impact of temperature or/ and pressure on molecular
structure can be thus observed by variation of its vibrational energy in Raman spectral shift.
The resolution of this technology in temperature measurement can reach 5 K in Rassat’s
work.2® The application of Raman spectroscopy for pressure sensing has first been applied in
lubricated contact by Gardiner et al.?* Later, local pressure contribution mapping in
tribological measurements has been determined by Jubault et al. 2>% and Yagi et al.?” in the
case of lubricated contact. In such experiments, this technique provides a precise and accurate
measurement of pressure with a higher spatial and temporary resolution than other
temperature measurement techniques. However, this technology is limited by requiring the
lubricant as strong Raman scatter, and that is not the case for most of the lubricant for
tribological measurement.

5) Photoluminescence

Recently, photoluminescence has been considered as a potential technique to measure
pressure and temperature. CdSe/CdS/ZnS core/shell/shell quantum dots (QDs) were dispersed
in a lubricant (squalane) to map pressure and temperature in an EHL contact.?®?° These
nanosensors were previously calibrated for temperature and pressure in diamond anvil cell
(from 0.2 to 1.3 GPa between 20 to 80 °C). Their emission energy shift was found to be
linearly dependent on pressure and temperature (Figure 1.2). As the optical techniques
previously mentioned, the measurement by PL sensor is contactless, has a fast response and
high spatial resolution (~5 - 10 um). The very small size of QDs (7 nm) was adapted to the
lubricant film thickness (~200 nm) to be considered as non-intrusive and the PL intensity is
much higher than Raman diffusion. The main drawback of this technique was the coupled
dependence of the emission energy to pressure and temperature, while these two parameters
generally vary independently in the tribological contact.
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Figure 1.2: Calibration of the squalane-CdSe/CdS/ZnS QDs suspension of 0.125 mg/mL
concentration versus pressure on the 0-1.2 GPa range at 3 temperatures. (Figures on the
bottom from ref.2°, T. Seoudi et al. 2020. Copyright® Tribology Letters)

1.1.3 Further challenges in using PL for P and T measurements
1) Conception of PL sensing system for tribological contact

The previous results demonstrated the potential of PL to probe P and T in lubricated contacts.
The main challenge is the development of nanosensors sensitive to one factor in order to be
able to uncouple pressure and temperature measurements. High sensitivity to temperature (up
to the flash temperature of materials) or to pressure (up to 5 GPa) should be required to
investigate a wide range of tribological applications. However, here we focus on conditions
classically encountered in lubricated contact, in particular in elastohydrodynamic lubrication,
as well as in dry contact under moderate conditions. Thus, the required specifications of the
PL sensor can thus be summarized as:
e High sensitivity in required measurement range:
o Temperature measurement range: 20 — 200 °C
o Pressure measurement range: 0 — 1 GPa
e Not affected by influence quantities
e Nano-scale size
e Chemical-physical stability in dispersed medium
e Low toxicity (for other applications in lifescience, foodscience, ...)
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Another challenge is the development of PL nanosensors suitable not only for
measurement in lubricated contacts but also in dry contacts. Then, those synthesized
photoluminescent sensors should be inserted into a solid matrix, where the matrix should be:
Resisting to friction test: high stability to temperature and pressure
Non-toxic
Optically transparent
Easy-to-make

Using the third body concept detailed previously, for in situ tribological measurements,
the PL nanosensors may be:

- dispersed in a fluid third body (lubricant/grease). In that case, as demonstrated in the
previous works,?8% the sensors in suspension in the fluid is continuously entering and exiting
the contact, thus making possible the continuous measurement.

- mixed in the solid third body (solid lubricants as graphite, MoSz), however the stability
of the mixture is not guaranteed.

- encapsulated in the first bodies. In that case, the advantage is the local measurement at
the extreme surface layer of the first body surface (within the first 200um) becomes possible.
But the possible subsequent wear of the surface may lead to the “dispersion” of the sensor in
the dry third body and thus outside of the contact if the third body is ejected.

In the following, only the encapsulation of the PL nano-sensors in the first body or
dispersion in the fluid third body will be considered. Regarding the first bodies, sensors may
be located at the top surface or in the bulk as shown in Figure 1.3. In that later case, during the
friction test, the sensors in 1% body could be rubbed out and then become the 3™ body.
Minimizing the production of debris during the friction test by changing the loading pressure
and the speed of friction, should be considered in further measurement to better control the PL
sensing system.

Photoluminescent

o @ Sensor [ Solid bulk Lubricant @ Debris

Laser excitation emission e . ™

[ 3™ body fluid

\e body / ‘
\_ Sensorsin fluid lubricant Sensorsin solid bulk J/
3" body =
(3™ body solid )
NETREPUPT FELE Y e 0. - "I' ... ..o._‘

Tribological experiments \\_ Sensors in solid lubricant Sensorsin solid bulk /

Figure 1.3: Conception of PL temperature and pressure sensing materials and their
application in tribological contact.
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2) Incorporative matrices for PL nanosensors

Based on our previous works,?®3! two commercially available fluid lubricants to disperse
the PL sensors are chosen to be:

e Nycobase 5750: commercial polyol-ester-based oil used for aero spatial applications.

e Squalane: A characteristic model lubricant.

In the case where PL nanosensors are incorporated in a solid matrix, two potential options
for the incorporative solid matrix are hybrid silica (sol-gel glass) and PDMS polymer
(Polydimethylsiloxane). Here are some key characteristics of each matrix:

- Mechanical properties adapted for tribological test: PDMS is a widely used elastic
siloxane polymer known for its excellent mechanical properties, including flexibility and
durability.®>®* Incorporating PL nanosensors within a PDMS matrix provides a resilient and
deformable structure that can withstand mechanical stresses and adapt to tribological contact
conditions. Compared to PDMS, hybrid silica provides less flexibility and deformability,
whereas it exhibits good mechanical strength. In addition, hybrid silica and PDMS3** can
exhibit good adhesion to various substrates providing a stable and reliable interface for the
nanosensors during tribological measurements.

- Optical transparency: Hybrid silica matrices prepared via sol-gel processes can offer
optical transparency, allowing the transmitted light to reach the PL nanosensors without
significant absorption in the near UV to NIR (near-ultraviolet to near-infrared) range, *3'as
well as the PDMS.® This property is beneficial for efficient excitation and detection of the
emitted light from the nanosensors and thus facilitates accurate measurement of the emitted
light and reliable sensing performance.

- Low-temperature elaboration: Sol-gel processes and PDMS polymerizations typically
involve low-temperature synthesis, making it compatible with the incorporation of
temperature-sensitive PL nanosensors. Such conditions prevent any degradation or loss of
sensing properties during the matrix fabrication process.

- Large degree of functionalization: Various functional groups, organic molecules, or
nanoparticles can be incorporated into the silica matrix and PDMS during its synthesis,
allowing for additional functionalities or tailored interactions with the surrounding
environment. This flexibility enables the customization of the matrix to enhance sensor
performance and adapt to specific tribological contact requirements.

Both hybrid silica and PDMS polymer offer advantages for incorporating PL nanosensors
in tribological contacts. The choice between the two would depend on the specific
requirements of the application, such as mechanical properties, fabrication conditions, and
desired functionalization options.

3) Lanthanide-based PL sensors

Lanthanide-based materials have been explored and employed as effective PL sensors for
temperature and pressure. Compared to other thermo-or mano-sensitive PL materials, such as
guantum dots, organic dye and metallic halide complex, Ln-based PL materials possess
unique spectral features that make them suitable for high-accurate sensing applications.
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One significant advantage of lanthanide-based materials is their long emission lifetime
due to initially forbidden f—f transitions of lanthanide ion Ln3*.*° This property allows for
accurate time-resolved measurement and for implementation of time-gated detection
techniques. In addition, the long lifetime facilitates the manipulation of nonradiative pathways
(for example ET processes) which can be introduced or modified by incorporating an external
luminescent species. Through ET, the lanthanide-based material interacts with the external
species, altering its emission properties in response to changes in temperature or pressure.

Another beneficial characteristic of lanthanide-based materials is their narrow emission
peaks. This feature simplifies data collection and processing, as it enables easy identification
and analysis of emitted light, leading to enhanced measurement accuracy.

Besides these spectral features, lanthanide-based materials offer several advantages as
sensors due to their chemical properties. Ln-doped inorganic nanoparticles, such as
lanthanide-doped oxides*® or phosphates*, are known for their excellent thermal stability. In
addition, Ln elements are generally considered to be non-toxic, it ensures the safety of using
Ln-based materials in various environments, including biomedical or biological applications.
Non-toxicity is especially crucial for in situ measurement in tribology as the measurement is
often conducted in contact with lubricants, components, or even human operators.*? Other
advantages of Ln-based sensors such as the versatile sensing mechanisms, variety of Ln ions
and their incorporations, possibility of functionalization of Ln-based sensing systems, make

the Ln-based materials highly adaptable and customizable for various sensing applications.
43,44

1.2 Rare-earth ions and their photoluminescence

1.2.1 Rare-earth: ‘Missing’ block of periodic table

In the 18" century, the lanthanides were studied as they were previously considered as the
hidden elements in the ‘missing block’ of the periodic table.3® The term "rare-earth" is
commonly used to refer to a group of elements known as the lanthanides, which include
elements with atomic number between 57 (Lanthanum) to 71 (Lutetium) on the periodic table.
These elements are called rare-earth because they were initially discovered in rare minerals
and were difficult to extract. On the other hand, Yttrium and Scandium are not lanthanides but
they are often included in discussions about rare-earth elements because of their similar
chemical properties and their occurrence in the same minerals.*

Unlike other elements on the periodic table, rare-earth ions progressively occupy the inner
4f layer after filling the outermost 5s, 5p, and 6s layers. Having similar outer layers, these
atoms have comparable chemical properties, as the outer layers participate in the chemical
bond in the same way. Such properties allow rare earths to be easily substituted with one
another in a given chemical composition. The spectral properties of rare-earth trivalent ions
are closely associated with transitions occurring within the 4f electronic level, shielded by the
5s and 5p solid layers from external influences. The [Xe] 4f" (n = 0-14) configuration
represents the ground state electronic configuration of lanthanide (Ln) ions. The 4f-orbitals of
Ln ions are well shielded by the outer 5sand 5p electrons. The 5s25p® subshells, exhibiting a
larger radial expansion, lead to the important shielding to make the valence 4f orbitals of Ln
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ions are referred to as "inner orbitals". The more stable state of Ln ions is trivalent (Ln3*) due
to their electronic configurations, from the first element Cerium to the last element Lutetium
in the f-block of the periodic table. The electronic configuration of Ln®" is characterized by a
significant energy separation from the [Xe] 4f"™15d* configuration, with an energy difference
(AE) exceeding 32,000 cm™. The radial distribution probability densities for 4f, 5s, 5p, 5d, 6s
and 6p orbital of Nd ([Xe] 4f*6s?) is shown in Figure 1.4.% That specific electronic
configuration significantly influences the chemical and spectroscopic properties of Ln®** ions.
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Figure 1.4: Radial distribution probability densities D(r) = r?R(r)? for 4f, 5s, 5p, 5d, 6s,
and 6p orbitals of Nd atoms. R(r) is the radial wave- function. (Scheme from ref.*® J. Lu et al.,
2023. Copyright® Journal of Chemical Theory and Computation)

Studies of the electronic levels of lanthanide were first developed by Slater, then
completed by Condon and Shortley.* Later, they were summarized and systematized by other
scientists. The complexity of analyzing the energy levels of lanthanides ions is due to the
degeneracy of the electronic configurations of the valence 4f-electrons: the 4f" configuration
allows for the association of each of the n electrons with one of the seven 4f wavefunctions,
and to consider the spin of +% for each electron.®® This association can occur in numerous
ways, resulting in a lot of different possible arrangements of electrons within the 4f orbitals.
Based on the atomic physics theory, the electronic levels can be described using the Russell-
Saunders (RS) coupling scheme.*” The individual orbital moments of the electrons are
combined to form a total orbital moment L. Similarly, the spins of the electrons are coupled to
give a total spin moment S. As presented in Equation 1.1, the total moment J is obtained by
summing these moments. This RS coupling approach provides a theoretical framework for
understanding and describing the energy levels of atoms, including rare earth ions.
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J=L+5§
Thus,
IL—5| =7 <|L+5]

Equation 1. 1

In an approximated representation, the energy levels of 4f ions can be approximated using
the fine structure levels of a free ion, denoted as 25*1L;. It is important to note that the L and S
guantum numbers are only approximately valid for the first excited levels of rare-earth ions,
the intermediate coupling levels are determined by the same J but different L and S. The
energy levels of free rare-earth ions can exhibit a degeneracy of (2J + 1). This means that (2J
+ 1) levels have exactly the same energy, emphasizing the multiplicity and degeneracy of the
energy states associated with a specific value of J. As presented in Figure 1.5, the partial
energy diagram for an trivalent rare-earth ion, taking an example of Eu*, with the spin-orbit
interactions of 4f° electrons.*®
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Figure 1.5: Partial energy diagram for Eu®*, 4f° ions show the related magnitude of the
interelectronic repulsion, spin-orbit coupling and ligand field effects. (Scheme from ref. 48, M.
Werts, 2005. Copyright® Science progress)

Lanthanide-based materials have become more and more developed in different ways, in
an inorganic or an organic host, nanoparticles, complexes, hybrid materials and polymers.
Besides their PL properties, their interesting features are also widely used in magnetics,**
optoelectronics,® energy conversions.>>% In this work, we are mainly interested in the
photoluminescence of lanthanide ions, which will be discussed below.
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1.2.2 Lanthanide photoluminescence
1) Photoluminescence

The term luminescence was introduced in literature at the first time in 1888, by
Wiedemann,> as the excess emission over and above the thermal emission background. Later,
Vavilov (1952) proposed to complement this term: the luminescence is the excess emission
over and above the thermal emission with a consideration emitting duration.>® And this
definition is continuously used until now.%:>’

Luminescence is generally used to describe the light emitted from relaxation of excited
electrons. As shown in Figure 1.6, this phenomenon in a solid crystal consists of a)
Absorption of energy from an external source; b.) Promotion of electrons to the upper energy;
c) Relaxation of excited electrons to the lower level. The released energy can be transformed
to non-radiative relaxation or radiative relaxation by light emitting and can also be accepted
by its surroundings following ET process. To distinguish various excitation sources of
luminescence, different prefixes have been added to clarify the luminescence phenomena, as
illustrated in Figure 1.6. When electrons absorb the energy that comes from high energetic
wavelengths, the emission of light is called photoluminescence. Others excitation source such
as thermoluminescence, defined by the emission following an absorption of energy from
heating radiation; or the chemiluminescence, meaning the emission after a chemical action.

Excitation ways: @

- Short wavelengths: Photo-

Excitation
- Cathoderays: Cathodo-

s e Ground state
- lonirradiation: lono-

- Electric current: Electro

- Thermal radiation: Thermo-
- Sound field: Sono- Excited state
- Chemical process: Chemi-

- Mechanical action: Mechano-
Emission “

Ground state

Figure 1.6: Scheme of simplified luminescent mechanism and the major classifications of
luminescence.

The excitation-emission process can be impacted by external parameters, typically
temperature. After photon-irradiation, vibrational levels in the excited states can be activated
by increasing temperature, the probability of excited electrons in the upper vibrational levels
rises exponentially to the temperature, described by Boltzmann’s distribution, which will be
more deeply discussed in section 1.3.1. Additionally, the lattice parameter is a critical variable
in the luminescence process. For example, the nature of constituents, and their concentrations,
positions; lattice size, types of symmetry, as well as the external change can induce structural
variation. Early in 1960s, the impact of stress-induced structural change on the
photoluminescence was studied by Kaplyanskii®® and Runciman® groups to resolve the
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symmetry of anisotropic centers in cubic crystals. These sensitivities to temperature or to
pressure of photoluminescence can be interesting for further studies on sensing applications.

Thermoluminescent and mechanoluminescent materials are also studied, respectively, as
temperature or pressure sensor.®%-%2 But we only focus on the photoluminescence of materials
in this thesis.

2) Energy transition between levels of lanthanide ions

Lanthanide optical spectroscopy has been introduced in 1936 by van Vleck,% however the
interest of lanthanide material in optics can date back to the 1880s. Later, lanthanide optical
properties started to be widely applied in optical devices. The first lanthanide-based sensor
was proposed by Soini and Hemmila in 1979,5 for time-resolved immunoassays, which has
inspired numerous studies on bio-applications. Nowadays, lanthanide-based sensors have
become more and more developed in other areas of fundamental scientific technology and
engineering. The emitted light of lanthanide ions corresponds to the energy released from the
inter-configurational electronic transition. The generally allowed transitions between the
electronic levels of rare-earth ions are the 4f"!-5d transitions, whereas the 4f-4f transitions
are forbidden as the decay time is relatively long. Moreover, the emissive transition can also
be the transfer of charge via a delocalized electron from a neighboring ligand ion to rare-earth
ions.

4f"-1.5d transitions

The 5d orbitals of rare-earth ions are more influenced by the surrounding crystal
environment compared to the 4f orbitals. Consequently, the energy of the 4f*!5d
configuration of rare-earth ions exhibits significant variations depending on the specific
crystal host material. While most 4f" to 4f""!-5d transitions occur in the ultraviolet or even x-
ray spectrum, there are exceptions such as Ce** and Pr3*, where their 4f" to 4f"'5d transitions
have been observed in the visible range.*’

In many cases, the 4f"'5d states can exhibit strong fluorescence due to the electric dipole
allowed nature of the 4f-5d transitions. These transitions are approximately 10000 times
stronger than the strongest transitions within the 4f" configuration. On the other hand, the
weak oscillator strengths of 4f-4f transitions result in long-lived states with lifetimes in the
microsecond to millisecond range.% In contrast, the lifetimes of 4f-5d transitions are generally
in the range of dozens to hundreds of nanoseconds.

- Transition via charge transfer state

Luminescence due to charge transfer transition of the lanthanide ions Yb3®* has first been
observed by Nakazawa in 1977.% Under high energy light excitation of UV light or X-ray, the
electrons promote to a charge transfer state (CTS). Emission from CTS can rarely be observed
as the relaxation to °D; state is fast. After fast non-radiative relaxation to lower 4f levels,
emission in the visible range can be observed. Lanthanide ions, such as Eu®* and Yb®* are
typically used in charge transfer luminescent materials.®”-% The charge transfer luminescent
material are mainly applied for X-Ray detection and neutrino capture.5®°
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- Af-4f transitions in rare-earth ions: Judd-Ofelt Theory

The narrow, long-lived emission due to 4f-4f transition of rare-earth ions exhibit in wide
wavelength range from UV to infrared (IR). Initially, the 4f-4f through electric dipole (ED)
transitions are forbidden by the Laporte selection rule as the parity of the initial and final
states remains unchanged. However, when the Ln ions are in a special medium, the selection
rule can be relaxed due to the mixing of opposite parity states into the 4f" levels.

The spectral properties of a rare-earth ion in a given structural are usually characterized by
the 4f-4f transitions peaks. Judd-Ofelt theory describes a simplified model for explaining the
intensities of f-f transitions in both solids and solutions.** This theory only considers the 4f"
electronic configuration and does not account for inter-configurational 4f"-4f"! 5q!
interactions. However, the effects of spin-orbit coupling are taken into consideration in this
model. Judd-Ofelt theory has been used to understand and predict the spectral properties of
lanthanide, mostly in inorganic host, but less in lanthanide complexes.”?

The multiplicity (2J+1) of the electronic configuration depends on the association of the
electrons with each 4f wavefunctions. The complete 4f" energy level diagram of trivalent
lanthanide ions has been reported in 2005, the energy levels can extend to 190 000 cm™."
However, for many luminescent systems, a partial energy level diagram that covers an energy
range up to 50 000 cm™ can provide sufficient information. The partial diagram has been
published by Carnall for trivalent lanthanide family (Ln®*) of Ce®**(4f!) to Y3*(4f") by using
LaCls as the host lattice,” as plotted in Figure 1.7.
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Figure 1.7: Dieke energy diagram for trivalent lanthanide ions, the largest energy gaps are
shaded in blue. (Scheme from ref.”*, M.D. Chambers and D. R. Clarke, 2009. Copyright®
Annual Review of Materials Research)
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The energy levels diagrams are very important in lanthanide luminescence characteristics
studies, by precisely proposing the energy offset of each possible transition. Nonetheless, the
energy levels of Ln® can vary slightly with the crystal lattice, emission peak shift can thus be
observed with same Ln®" in different host. To excite the electrons from the ground state,
precise monochromic light is always required. However, alternative excitation by an external
sensitizer can also be considered. Due to the complexity of electrons transitions mechanism,
the Ln3* can emit light in a wide region, from ultra-violet (UV) to near infrared (NIR). The ET
process can be also observed in Ln®" luminescent system.

1) Radiative relaxation

The emission of luminescence from an excited state of lanthanide ions is called the
radiative transitions (Figure 1.8a&b), which can occur through electric dipole (ED) and
magnetic dipole (MD) mechanisms in lanthanide ions.”>"® MD transitions result from the
interaction between the lanthanide ion and the oscillating magnetic field component of light.
These transitions are allowed by the Laporte selection rule,*” but they have a low transition
probability, and their intensity is independent of the local environment.

On the other hand, ED transitions arise from the interaction between the lanthanide ion
and the oscillating electric field component of light. These 4f-4f ED transitions are forbidden
by the Laporte selection and thus strongly depend on the medium with the mixing of opposite
parity states into the 4f" levels. The degree of mixing is influenced by the lanthanide ion's
placement on a site with stronger deviation from inversion symmetry and a reduced energy
difference between opposite parity states. This enhanced mixing degree leads to higher
probabilities of electric dipole transitions. Consequently, the intensity of electric dipole
transitions is strongly dependent on the local environment surrounding the lanthanide ion. For
example, the transition *Do—'F2 of Eu®" has been reported as a hypersensitive ED transition
emission to environment.

a b C d
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Figure 1.8: Luminescent mechanism in rare-earth ions: a.) excitation to the upper level; b.)
Radiative relaxation to the ground state; c.) One-photon non-radiative relaxation followed by
radiative relaxation to the ground state; d.) Multiple-photons non-radiative relaxation to the
ground state. (Scheme from ref.”®, J. Hest, Thesis in 2018. Copyright® ProefschriftMaken)
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2) Non-radiative relaxation

Non radiative energy relaxation in lanthanide ions can be followed by an ET to another
site, or occur through the release of non-emissive phonons, which are the quantized vibrations
of the surrounding lattice. The relaxation of one phonon is usually observed between two
energy levels with small offset, and the emission from lower energy level to the ground state
can occur next (Figure 1.8c). In cases where the energy gap between two levels exceeds the
energy of a single phonon, multiple phonons can be simultaneously released. This process is
referred to as multi-phonon relaxation (Figure 1.8d). The efficiency of multi-phonon
relaxation increases when the energy gap can be bridged by a smaller number of phonons.

The proportion of non-radiative relaxation will be influenced by the temperature. When
the energy gap between two levels can be bridged by less than 4 or 5 times the phonon energy,
multi-phonon relaxation becomes dominant over radiative relaxation.”” The increase in
temperature induces greater non-radiative relaxation, called thermal quenching. Additionally,
other interactions among Ln®* ions or between Ln®" ions and other species can also interfere
with the probability of non-radiative transition.

1.2.3 Characterizations of Ln-photoluminescence
1) Absorption and emission spectrum

Photoluminescence spectrum presents luminescence intensity in the function of
wavelength, frequency, or energy of radiation. Excitation and emission spectra are the two
main types of luminescent spectra, which show the dependence of photoluminescence
intensity on the wavelength or frequency of the exciting or emitting light, respectively (Figure
1.9). In addition, absorption spectrum is also a classical tool to characterize the absorption of
materials.

The absorption spectrum is often represented as a plot of absorbance or transmittance as a
function of wavelength or energy. The absorbance is calculated by the ratio of the amount of
absorbed light to the amount of excited light of source. Quantitative analysis can be performed
using the Beer-Lambert law’8, which relates the absorbance of a substance to its concentration
and the path length of light through the sample. By measuring the absorbance at a known
concentration, a calibration curve can be constructed, allowing the determination of the
concentration of an unknown sample based on its absorbance. In addition, the absorbance
peak position allows determine the wavelength at which the substance absorbs light most
strongly. The absorption spectrum provides valuable insights into the energy levels and
electronic transitions occurring within the sample, which can help in understanding its optical
and chemical properties.

The excitation spectrum measures the number of emitted photons at assigned wavelength
under varied wavelengths of radiation at constant intensity, shows a general distribution of
emission in the function of exciting wavelength. Since only the radiative emission is taken
into account by excitation spectrum, excitation spectrum cannot be considered equally as
absorption spectrum, which describes the dependence of number of absorbed photons on
wavelength of exciting light. Therefore, absorption spectrum is generally used for completing
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excitation spectrum to analyze simultaneously the non-radiative process. Experimentally, the
excitation spectrum is an essential characterization, allowing to determine the excitation
pathway of the substance.

Emission spectrum or also called photoluminescence spectrum, shows the number of
emitted photons as the function of emission wavelength or frequency, Under exciting source,
emission spectrum allows to quantify the number of emitted photons by their emission
intensity. However, the absolute emission intensity usually depends on many external
conditions, such as sample preparation (quantity, surface aspect, physical forms...) or
excitation source (light power, focus status...), and also internal parameters within
spectrometer. Therefore, when measuring using emission intensity as a variable, the external
variables must be carefully controlled. In addition, a reference emission peak is usually used
to calibrate the change in emission intensity from the internal variables. The ratio of the
reference intensity to the variable intensity is usually called the relative emission intensity, or
the luminescence intensity ratio (LIR). The reference emission can be collected from an
additional device such as a monochromatic lamp, or from an internal emitter. The position of
emission, or centroid wavelength (A) of emission peak is also used as a parameter to
characterize the photoluminescence. The shift in the emission peak (AL) shows the energy of
the emission, thus reflects the change in the energy levels of the emitter. The wavelength of
emission band can also be impacted by internal parameters of spectrometer, a reference
position must be used to correct the uncertain shift caused by the spectrometer.
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Figure 1.9: UV-Vis-NIR absorption spectrum (blue) and normalized emission spectra (Aexc =
292 nm) in the visible (green) and NIR (red) domains for the Tb%*/Yb®" complex in CH3OH.
(Scheme from ref.”®, R. C. Knighton et al. 2021. Copyright® Chemical Communications)

2) Quantum and energy yield

Upon photoexcitation, the quantum yield of substance is defined by the ratio of the
number of emitted photons to the number of absorbed photons. The measurement of quantum
yield simultaneously requires the absorption spectrum and the emission spectrum, and a no-
emitting substance with same physical properties as reference to correct the uncertainty
caused by diffusion or reflection of matter. For anti-Stokes photoluminescence, as the emitted
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photon is more energetic than the absorbed photon, the energy yield is more often used to
quantify the energy conversion. The concept of energy yield was first introduced in Vavilov’s
works in 1924,%8 showing that substance with high energy yield has more luminescence.
Quantum and energy yield are always considered as reliable characterizations to quantify the
capacity of radiative emission upon photoexcitation for a PL material.

3) Luminescence rise and decay

In photoexcitation processes, any variation in the excitation source results in changes in
the intensity of the emission. Depending on time (t), the variation in emission intensity is not
instantaneous. The relation between the decrease or increase in emission intensity in the
function of time was resumed by Stepanov and Gribkovskii in 1963,% as shows in Equation
1.2:

I(t) =1,(t)exp [-(t — t;)/7]

Equation 1. 2

| is the emission intensity as a function of time t =0 and t = t1, which are the time of the
beginning and the end of excitaiton process; t determines the mean time of emission rise or
decay (Figure 1.10).
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Figure 1.10: Typical Th®" luminescence decay profiles observed for LnsGaGesOss in the solid
state at room temperature, with excitation at 377 nm. (Scheme from ref.22, J. Zhou and Z. Xia
2014. Copyright® Journal of Materials Chemistry C)
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The measurement of rise or decay time, or generally called the lifetime of substance,
requires pulsed excitation and time-resolved photon detection. The wavelength of excitation
source is selected to match the maximal absorption. The frequency of the excitation pulse
must be low enough to adapt to the lifetime of the emission, especially for long-lifetime
compounds like lanthanide-based phosphor, which provide lifetimes up to milliseconds.>*®
Lifetime measurement is particularly important in complex quantum mechanisms, such as ET
or emission quenching processes. By varying the excitation and emission wavelength, it
becomes possible to distinguish different PL pathways. However, it should be noted that even
for the same emitter, the lifetime can be very different depending on their environment.

1.3 Energy transfer in rare-earth ions

1.3.1 FOrster resonant energy transfer

In 1948, Forster studied the rate of ET between dipoles,® and then the critical distance (Ro)
has been defined when the probability of ET and spontaneous deactivation of ion donor starts
to become equal (Figure 1.11a).84% This theory has later been extended by Dexter to
complete with other interaction types.2>®8 It has been clarified that ET can only occur if there
is a spectral overlap of the emission of the donor and the absorption of the acceptor and if the
interaction of two participants is suitable (Figure 1.11b). The interaction can be electric or
magnetic multipolar or be an exchange interaction with wave function overlap. According to
the theory of Forster resonant ET (FRET) for electric multipolar interaction, a R™ dependence
of the ET rate on the intersystem distance can be found, with n = 6, 8, 10... for dipole-dipole,
quadrupole-dipole and quadrupole-quadrupole, respectively. Therefore, the FRET rate can be
easily influenced by contraction or distortion of crystal lattices.

When the concentration of rare earth ions is increased in a host matrix, whether it is for
the same type of ion or different types through co-doping, ion-ion interactions start to emerge.
The interactions are mainly ET in the 4f-4f transitions of Ln* ions. In addition, in a ligand-
Ln%" systems, FRET can occur if a donor ligand is suitable to the Ln®*, which will act as an
acceptor. Excitation of Ln®*" by an activated ligand sensitizer with a large absorption band is
usually called ‘Luminescence sensitization’ or ‘Antenna effect’.
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Figure 1.11: Forster resonance energy transfer (FRET) fundamentals: (a) Schematic
representation of FRET. Excited donor (D) transfers its energy by a non-radiative process to
the nearby acceptor (A), causing it to emit fluorescence. The distance between fluorophores

should not exceed 10 nm; (b) The donor emission peak must overlap with the acceptor
excitation spectrum. The grey area corresponds to the overlap region. (Scheme from ref.®, E.
Simkova and D. Stanék, 2012. Copyright® International Journal of Molecular Sciences)

1.3.2 Luminescent sensitizer to rare-earth ions

Luminescent sensitization has been developed as an alternative to enhance the Ln®*
emission intensity, as the f-f transitions probabilities in Ln3* electrons are usually too low to
provide a strong density of Ln electrons population in f-orbital to upper levels. An additional
light absorbent is used to transfer energy to the Ln®" emitter, improving the absorption
efficiency. The additional species could be transition metal groups (such as tungstates,
molybdates, vanadates, etc..)’”2, another strong absorbent Ln** ion &% or organic ligands®.
Owing to the multiplicity of energy levels of lanthanide ions, interaction between lanthanides
and other species is usually easy to occur.

1) The Antenna Effect

The antenna effect has briefly been described by De Andrade et al., ° as shown in Figure
1.12). Enhanced absorption of UV radiation by the sensitizer; 2). Non-radiative relaxation
from the excited singlet state (S1) to their lowest triplet state (T1): 3). ET to the emitter; 4).
Emission from relaxation of the excited emitter. The sensitizer can be the anionic group in an
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inorganic compound (like vanadate, oxides) or an organic ligand®* (like acetylacetonate,
phenanthroline). In the case where the organic ligand is the sensitizer, the interaction between
the ligands may further improve the efficiency of the antenna effect. 2% Aromatic (n-n*)
and/or (n-r*) transitions between unsaturated ligands, occurring mostly for ligands with large
cross sections, allow to enhance the antenna effect and result in more efficient ET.
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Figure 1.12: Energy transfer process between organic chromophore to lanthanide ions
(Transition nr: Non-radiative transition; ISC: Intersystem crossing; ET: Energy transfer;
Scheme from ref.%, K. Nchimi nono. Thesis in 2014. Copyright® Hal. Université de
Strasbourg)

2) Quenching in Ligand-Ln energy transfer process

The overall ET pathway between ligand and metal (ligand-ligand, ligand-metal and metal-
metal) can be strongly influenced by crystal lattice parameters (distance donor-acceptor®8486),
ligand orientations!® and parallelism®®, and quenching sites (surface defect56:85102.103
oxygen presencel®+105114.115106-113) “The oxygen-quenching can occur with the presence of
oxygen site in OH41° or 0,197, The presence of oxygen in the OH quenches the emission of
the luminescent center by its efficient absorption from the O-H vibration. Meanwhile, O>
molecules in solution or air shorten the triplet lifetime of organic ligand and thus reduce the
quantum yield of the triplet (T1) emission of the ligand. This O2-quenching effect is mostly
observed in organic complexes when the ligand acts as a sensitizer for the Ln®* emitter (Figure
113) 107,116
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Figure 1.13: Proposed mechanism for energy transfer between ligand and Ln®*" when O»-
quenching occurs (Ex: excitation, ISC: intersystem crossing, NR: nonradiative process, ET:
energy transfer, BET: back energy transfer, hfa: hexafluoroacetylacetone) (Scheme from ref.

116 M. Kasai et al. 2020. Copyright® Sensors)

Once the quenching effect occurs, the traps absorb the energy of the emitter and result in a
substantial decrease in emission intensity. The quenching site can also absorb directly from
the ligand, making ligand-Ln®*" ET much less efficient. Furthermore, it has been recently
clarified that the intramolecular ET rate between ligand-metal (Eu) cannot be simply
described by the distance-dependent Forster or Dexter theory.®*!17118 The ET rate between L-
M should be carefully modelized with the other competitive deactivation processes, lattice
symmetry, uncontrolled vibrational quenching. Wu et al.'® has demonstrated that the
crossing-controlled ET model is predominant over FRET theory in ET L-M mechanism.

Additionally, the ET or EM between the emitters can enhance the quenching, leading to an
overall luminescence quenching. Considering FRET theory, when the concentration of
emitters is high, the interionic distance is shortened, and the ET is thus optimized. The impact
of the emitter concentration on the quenching effect is called concentration quenching.3®°787
Such phenomena are usually observed in lanthanide-based compounds. Consequently, the
dose of Ln®* ions is always low, known as Ln-doping.

1.3.3 Energy transfer among rare-earth ions

The ET between two Ln** occurs when the emission band of the donor and the absorption
band of the acceptor overlap. However, as the 4f-4f transition of Ln®* exhibit narrow emission
and absorption bands, ET is only allowed between two Ln®*" with highly matched of the
energy transition.

The ‘Stokes’ rule’ was first formulated in 1852, to describe the phenomenon that the
wavelength of excitation is less than the wavelength of emission, the difference being called
the Stokes’ shift. Due to the unique features of 4f-4f transitions, the Stokes’ shift of the Ln**
emitter is generally smaller than others, such as transition metal ions, or organic dyes.
Therefore, ET between two identical Ln®* centers is considerably efficient, which is usually
called energy migration (EM).*® Like classical Ln%*-Ln%" ET, the efficiency of EM highly
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depends on the interionic distance.®® Ln®*-Ln® EM is widely applied in optics materials. In a
classic ET process, the EM between the Ln®*" sensitizers allow the energy to be spread in the
crystal lattice, thus enhancing the probability of ET. This process is often used to optimize the
efficiency of multi-photon assisted ET, such as in the Yb3**/Er®* system. The concentration of
Yb®" is often higher than needed to activate Yb3*-Yb®* EM.1%120 However, efficient EM
facilities surface quenching, especially in small material like the Ln-doped nanoparticles,
which induces significant decrease in emission efficiency.?! Consequently, the concentration
of the Ln3* sensitizer is often between 10 mol% to 20 mol% to reduce surface quenching as
well as to activate ET.

1.3.4 Multi-photons excitation via energy transfer

According to Stokes' rule, a higher excitation energy is indeed required to activate a lower
emission energy. However, multi-photons assisted excitation allows an emission energy
higher than the absorption energy to be obtained. This process is also considered as anti-
Stokes emission, which requires upon multi-photons pulsed excitation with femtosecond
frequency.®® Conversion of low-energy photons into higher-energy photons is allowed, which
IS known as upconversion.

1) Upconversion

The theory of upconversion luminescence was first proposed in 1962,122 and then widely
developed in next 20 years.!?>12° The advance in upconversion optics of nanomaterials has
been first reported for biological applications by Heer et al.}?® in 2003. The synthesis and
characterizations of upconverting phosphates nanoparticles (doped Yb** with Tm3* or Er®")
has been published. In the next year, Auzel has introduced the physical fundamentals of
upconversion phosphors.>? In the theory of Auzel, six types of sensitizations in upconversion
luminescence were clarified. Later, the classifications have been simplified as shown in
Figure 1.14.%%

(a) (b) ey () e (d)

; r ¢ Y
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Figure 1.14: Scheme of two-photons upconversion processes: Full arrows in red and in
blue are the excitation and radiative emission, respectively. Dashed arrows in green stand for
energy transfer processes. Non-radiative relaxations are not presented in Figure for clarity. a.)
ESA (Excited state excitation); b.) ETU (Energy transfer upconversion); c.) PA (Photons
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avalanche); d.) CET (Cooperative energy transfer). (Scheme from ref.!?’, H. Dong et al. 2015.
Copyright® Chemical Society Reviews)

1) ESA or Two-step absorption (Auzel): one electron of S absorbs two times of energy to
promote to its upper levels.

2) ETU or Addition de Photons par Transfers d’Energie (APTE) effect (Auzel): excited
electrons of S transfer subsequently energy to ion A, and then A emit from the upper
levels.

3) PA: promotion of electron to intermediate state by one-photon excitation, following by
other absorption to the excited state, from cross-relaxation of a neighboring ion.

4) CET or Cooperative sensitization (Auzel): same as the APTE effect expect the A has
no intermediate energy level.

2) Upconversion energy transfer

ET between a sensitizer and an acceptor can occur through the classic process where the
sensitizer transfers energy from its higher energy excited states to the ground state of the
acceptor. Besides the ET following the Stokes’ rule, multi-photons assisted ET allow a higher
emission energy than absorption energy.

APTE process or also called ETU occurs usually in Er** (for NIR to green) or Tm®*" (NIR
to blue) doped luminescent materials, with Yb®* as the sensitizer. To reach the emitted level of
Er¥* or Tm®, two-equivalent or three-equivalent Yb** photons are required (Figure
1.15).1%6128 The inorganic host is mostly used for Yb®*; Er®* or Tm®" doped materials.
Depending on the synthesis, the size of particles can vary from micron-scale to nanoscale.
Oxide,*?® fluoride, $3%132 molybdate,* tungstate,’** phosphate!?®1** and vanadate*>%’ are
the current host for those nanoparticles. Upconverting nanoparticles can be produced in many
synthesis methods such as sol-gel,*® co-precipitation,***-1*! hydro-and solvo-thermal,14>-144
thermal decomposition!?14 and combustion.}#®4" Recently, multi core-shells Ln-doped
nanoparticles are studied to optimize the efficiency of ETU for diverse applications. 121:148149
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Figure 1.15: Schematic energy level diagrams showing cooperative sensitization and
energy transfer up-conversion for the Yb**/Er®* and Yb®" /Tm?3* systems. (Scheme from ref.1?8,
S. Mishra et al. 2012. Copyright® Dalton Transactions)

The advantages of upconverting luminescence are that it converts low-energetic light into
emission in the visible or UV range. The interest of NIR excitation over direct excitation by
UV light is to eliminate possible perturbed emission from the utilization medium and to
minimize the degradation of host materials induced by photoionization.>?4* Moreover, NIR
light provides more penetration than UV light, thus more efficiency and accuracy in sensing
applications. Scientific research and industrial engineering in diverse fields like biology,
mechanics, chemistry, optics can take lots of advantages of upconversion material. However,
with ions having several equal energy gaps, the ET between these levels can result in the de-
excitation of the highest level. This de-excitation process leads to the simultaneous excitation
of two lower energy levels, specifically the intermediate level. Such behavior is known as
cross relaxation, which is the main cause of the concentration quenching of lanthanide ions.*’

3) Non-radiative relaxations in upconversion excitation

Several effects brought by the general ET process can also interfere with the UC process.
For example, emission quenching due to the concentration,®® the surface defects of the
nanoparticles,'>* the thermal effects'>? or the presence of OH,* can significantly reduce the
intensity of UC emission. In multi-photons excitation process, increasing concentration of
sensitizers optimizes the rate of ET. Thus, the compromise between the concentration
quenching of sensitizers and the efficiency of multi-photons excitations should be considered.

Besides, the laser-induced heating phenomenon should be carefully considered in
upconversion system. Compared to one-photon assisted excitation, multi-photons assisted
excitation has lower quantum yield.8491153154 the proportion of non-radiative relaxation is
important.!*® The laser-induced heating can be impacted by the laser power density, which
affects significantly the intensity of the luminescence by interfering with the population of
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electrons in the excited state of the emitter ions.*>>*%® Moreover, the influence of the particle
morphology on non-radiative process**?> was also studied: a higher non-radiative process
associated with a higher red/green emission was more evidenced in smaller nanoparticles.
Recently, an increase in temperature leading to an increase in the laser-induced heating effect
has also been reported.® This laser heating effect could be beneficial because Ln®*" doped
NPs are used as nano-heaters in the field of photothermal energy.2°132137.160 precise and
selective heating on a nanometric scale could be used for cancer treatment, data storage!6!-164
or microflow control.*®® However, laser heating can lead to substantial uncertainty in
temperature measurement for the upconversion thermometer. 13715

1.3.5 Conclusion

Excitation of Ln®" ijons by the ET process is nowadays more and more developed as an
efficient excitation method. A large amount of advantage in ET has been briefly presented
above, although there are some disadvantages like possible quenching, important non-
radiative relaxation, studies on the Ln ET process remains very interesting. Besides the
general benefits of the ET process, the interaction between the sensitizer and the emitter can
inspire many sensing applications. Thanks to their high sensitivity to the environment, slight
changes in structure (crystal lattice, interionic distance), in temperature and in pressure (O2
presence, structure change induced by compression) have an impact on the ET process and
therefore on luminescence.

1.4 Rare-earth based photoluminescence for T/P sensing

The sensitivity of emitted light to the environment is now being used to develop PL
sensing processes. The advantages of PL sensing processes include non-contact detection,
high sensitivity, versatility, multiplexing capability, and real-time monitoring. Temperature
and pressure sensing are hot topics in the study of PL sensing applications in diverse
area.'®%1%” |uminescent temperature sensing properties have been discovered in various
materials such as organic dyes,%817° metallic complexes,}’*1"? nano'’® or micro!™ diamond,
quantum dots”>%"7 and nanoparticles. Meanwhile, well-known PL pressure sensor are
quantum dots, 1’817 perovskite semiconductors,'”® ZnS: Mn particles,*® Mn-based complexes.
113 Among the various PL sensor families, lanthanides-based phosphors are widely studied in
temperature and pressure sensing.*2166:167.181 | the following parts, the main mechanism of
thermo-sensitive and pressure-sensitive PL will be generally discussed.

1.4.1 Ln-based thermometer
1) Photoluminescent thermometer

Temperature is one of the fundamental physical variables determining dynamic and
performance in overall scale measurement. Based on the temperature-induced change in the
intrinsic energy of molecules or atoms, the optical properties of luminescent materials varies
with the temperature.*> Luminescent thermometry has long been known as a non-invasive
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temperature-sensing technology with high sensitivity and accuracy.’® Since the first
introduction by Neubert in 1930s,%8 the luminescent thermometer has developed rapidly and
has been widely applied in many fields such as biology, mechanics, and optics. Compared to
traditional thermometers requiring contact with the objective, the luminescent thermometer
provides greater spatial resolution by non-contact measurement, especially for small systems
(nano or micro scale).

- The Boltzmann distribution

The thermo-sensitivity of luminescent materials is mostly based on the Boltzmann
distribution, named after the physicist Ludwig Boltzmann,'8 which describes the distribution
of particles among the different energy states of a system in thermal equilibrium. Following
the Boltzmann distribution, more energy states become populated at higher temperatures, and
the probability of a thermal population of electrons to the upper levels depends exponentially
on the temperature. As shown in Figure 1.16, energy levels 3 and 2 are in thermal equilibrium,
or “Thermally coupled levels (TCL)”, the relationship between the promoted electrons

population in level 3 N3 and that in level 2 N2 can be expressed as:

N. = N.B AE G5 056U AE
= N0 exp|l— = expl——
: ) o kﬁTj G2 0500, > kgT

Equation 1. 3

where the pre-exponential constant B includes the gi, ci, ®i, which are the degeneracy, the
emission cross section, and the angular frequency of transitions for a given level i,
respectively. AE is the energy gap between the two TCLs, k is the Boltzmann constant, and T
is the absolute temperature. 18

Absorbance

Heat

\CAYAYATAVAYAY

2
2 1)) 3%
—) ©
T T<Ty, =

hv (cm™)

0

Figure 1.16: Temperature-induced photons promotion according to the Boltzmann
distribution (Scheme from ref.1®, A. Nexha. Thesis in 2020. Copyright® Hal. Universitat
Rovira | Virgli)

It is important to note that the energy level gap AE should range from 200 — 2000 cm™ to
allow the thermal photons promotions, otherwise they cannot be considered as “thermally-
coupled”.*? Emissions from the TCLs with a given AE, vary with temperature, so emission
intensity or lifetime can be a tool to monitor the variation of temperature. Lifetime-based
thermometry using a Boltzmann distribution can be found in micro-diamonds. Ni-based
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defects center in the diamond provide TCLs with AE = 920 cm™, suitable for the temperature
measurement range from 200 to 700 K.174

Compared with the method using emission lifetime, emission intensities are more widely
studied.'®®182 Since, the absolute emission intensity is proportional to the number of emitted
photons, the variation of the absolute intensity as a function of temperature can be used in
thermo-sensing. However, the intensity reference is always required to determine the absolute
intensity, which increases the complexity in sensing application. On the other hand, using the
relative emission intensity from the TCLs to monitor the variation in temperature can solve
the problem. Ratiometric thermometry is generally considered as a reliable approach because
of advantages such as self-monitoring and high-accurate measurement. Based on the
Boltzmann distribution (Equation 1.3), the relative intensity or luminescent intensity ratio
(LIR) varies with temperature with a given energy gap AE. AE can be determined by the
calibration curve of Ln(LIR) versus 1/T. Compared to the theoretical value, this experimental
value can be used to check the accuracy of the temperature value (Equation 1.4).

N, I AE
B =8 - IR=Bexp(——
N.Lf '{LZ kET

Equation 1. 4

where N; denotes the population of excited ions, and Ii is the average of the total emitted
intensities for a given level i, which is calculated by integrated emission band areas.®’

An important indicator of the temperature measurement reliability by LIR method, the
relative thermal sensitivity Sr, is defined by equation (Equation 1.5).188

1 d(LIR) AE
= o = =
LIR dT kgT?

Equation 1. 5

- Temperature-dependent non-radiative rate: The Mott-Seitz model

The time-resolved measurement for thermal sensing relies on the change in the non-
radiative relaxation rate of the emitter as a function of temperature. The Mott-Seitz model
proposed in the 1940s 1891% describes the competition between non-radiative and radiative
transitions by the transition probability of an emitting levels, which was evaluated by the
inverse of the lifetime t. The non-radiative lifetime depends on temperature based on the
Arrhenius dependence (Equation 1.6):

_ Tag (T = 0K)
NR T ip (—AE/kgT)

Equation 1. 6
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where the 7, (T = 0K) is the non-radiative lifetime at T = OK, AE is the activation
energy of thermal quenching process and kg, is the Boltzmann constant. Thus, the temperature

is linearly proportional to the lifetime of emitting levels. Following the Arrhenius dependence,
the non-radiative transition rate increases with increasing temperature. When the temperature
is high enough, the non-radiative transition becomes more important than the radiative
relaxation, the emission is totally quenched, which is known as the thermal quenching
phenomenon. Numerous life-time based temperature sensor have been developed in recent
years.’#191192 Er¥*_pased optical fiber was first demonstrated as lifetime thermal sensors by
Kewell et al. in 1998'% with the decay time of emission at 1540 nm using the Mott-Seitz
model.

- Temperature-induced energy level shifts

Temperature-induced change in the energy of electronic levels results in variations in the
energy of photons emitted during energy transitions, manifesting changes in the emission
band wavelength or band shape in PL systems. 16618219 Temperature-dependent peak shifts
can always be observed in organic dye!®® and metallic complex.!'®* Depending on the accuracy
of the spectrometer, the measurement by peak shift can be considerably sensitive. Due to the
low thermal stability of the sensor (coordination complex), the thermo-sensing based on peak-
shift is usually applied for low temperature measurements (< 373 K). However, the shift in
spectral position is usually related parameters other than the temperature such as refractive
index and inter-atomic distances.® For some materials, concentration can also influence peak
position.% Therefore, in temperature measurement, it is necessary to accurately determine the
peak position by using a spectral reference. Studies have been developed to investigate multi-
centers for the purpose of self-monitoring temperature sensors.’

In conclusion, among the spectral variables used for thermometry (Figure 1.17),
temperature sensing technologies based on lifetime and LIR variation are not limited by the
reference required. However, depending on the emission efficiency, lifetime measurement
may need longer acquisition times and complementary equipment (pulsed excitation source).
Moreover, early in 1926, Perrin reported the dependence of the radiative lifetime on the
refractive index.!®” Compared to the lifetime-based measurement, the LIR-based method is
more studied and developed. The relatively ease of experimental set-up and data processing
means that LIR thermometry can be adapted to most situations. Nonetheless, an accurate
temperature calibration is always required before measurement for all types of thermometry
approaches.
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Figure 1.17: Temperature-induced spectral variations (Scheme from ref.*®¢ A. Nexha.
Thesis in 2020. Copyright® Hal. Universitat Rovira | Virgli)

2) Ln-based phosphors in LIR-thermometry

The emission of Ln®" provides the narrow emission band and long lifetime, making the
LIR-based temperature sensing method that relies on the emission from 4f-4f transitions a
simple and accurate thermometer. More importantly, the wide range of TCLs transitions in
Ln®" ions ensures that it is always possible to find a suitable sensing temperature range for
various applications. Lanthanide based LIR thermometers are divided into two parts: single-
center and dual center as shown in Figure 1.18.

Ratiometric thermometers
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Figure 1.18: Schematic presentation of ratiometric luminescence thermometry in single
and dual-center emissions. (Reproduced from ref. 4).
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- Single center LIR-based thermometer

In a single-center thermometer, two distinct transitions from the same emitting center can
be considered as TCLs. The increase in temperature causes a promotion of electrons from L
to Lo following the Boltzmann distribution, which leads to an increase in the emission
intensity of the L transition and decrease in that of Li. Single-center thermometry was first
introduced by Kusama et al. in a seminal presentation in 1976. Later, Collins (1998) and
Wade (2003) described the thermometric approach using the ratio of two energy-close
emission intensities based on Boltzmann distribution. Common example of single-center
thermometer has individual suitable measurement range depending on the energy level gap
AE. Several well-known single-center thermometers are reported in Table 1.1.

Table 1.1: Example of single-center thermometers.

Host Ln3* Transitions | Temperature range | Srmax Reference
(K) (% K™)

SrF> Nd®* | *Fspp, *Farz | 298-573 1.68 108

YF3 Pr3* 3Py, 3Po 293-421 1.24 199

NaYFs: Yb* Ho** | °Fs, °F4 300-500 1.53 200

NaYF4: Yb**/Silica Er¥* | 2Hiup, *Ssp | 300-900 1.02 148

- Dual center LIR-based thermometer

A dual-center thermometer involves two transitions of two distinct emitters, which could
be divided into:
a. A Ln% as the probe and an organic dye as the reference.?%-204
b. A Ln®* as the reference and quantum dots as the probe.?%®
c. A Ln®* as the probe and another as the reference without interaction (energy
transfer).2%®
d. A Ln* as the probe and another as the reference with interaction inducing change in
the intensity ratio.*%2%
e. Two Ln® incorporating into organic or hybrid host, with thermally sensitive
interaction Ln%" — host.208-212
Similarly to single-center thermometry, the Boltzmann distribution can also applied on dual-
center ones. Based on Mott-Seitz model (Equation 1.6), Cooke et al. derived a model for dual-
center thermometry.?>2* However, compared to single-center thermometry, dual-center
thermometry could sometimes be limited. For example, in upconverting nanoparticles Y.Oz:
Yb®*"; Ho**; Tm**, Pandey and Rai?'® have observed an overlap between the transitions of ion
Ho%* (!G4 — 3He) and ion Tm®* (°F3 — °lg) due to their close energy levels (AE ~ 470 cm™).
Such behavior certainly decreases the measurement accuracy even if the authors tried to
replace the integrated areas with peak intensity maximum to calculate the LIR.
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3) Erbium-based thermometry: Upconversion system thermometer

Among numerous single-center thermometers, Er 3 is one of the most used emitters for
ratiometric thermometry owing to its large temperature range of measurement.182216-218 The
energy gap between Er** TCLs (*Sz2 and 2Hau levels; ~ 700 cm™) allows high thermometric
sensitivity over a suitable temperature range (300 - 600 K, Figure 1.19a) for most temperature
measurement applications,**® as well as for our further tribological measurements. Moreover,
as mentioned previously, Er®* can be easily excited by two Yb®" via an upconversion process
due to their highly matched energy gaps (Figure 1.19b). In the coupled Er®¥*-Yb®* FRET
system, the Yb®* ion is used as a sensitizer to transfer energy to the Er®*; this process is
referred to as the ETU. The use of a NIR laser as an excitation source in an ETU system is
very attractive for tribological temperature measurements, because the current laser excitation
of Er¥* under blue light can cause interfering emission from the scattered medium. In addition,
the ETU system is very popular in biological applications because of the high spatial and
temporal resolution thanks to the large penetration depth of NIR light.4452168
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Figure 1.19: a.) Emission spectra of NaY F4 nanoparticles upon excitation at 980 nm for
temperatures ranging from 300 to 600 K recorded with steps of 25 K; b.) Energy diagrams of
Er¥*and Yb®*, including the transitions involved in the UC process (Scheme from ref.}#¢ R.G.

Geitenbeek et al. 2017. Copyright® Journal of Physical Chemistry C)

4) Tb/Eu thermometer for low-range temperature sensing

One of the most common dual-center thermometers is Th*/Eu®*, which is mainly
developed for lower-range temperature sensing. Two different slopes of temperature
calibration curve by using Eu®*/Th*"-doped APTES/TEOS nanoparticles as thermometer has
been reported by Brites et al.,>® in which the two regimes switch around 175 — 200 K.
Moreover, as the efficiency of ET from Tb3* to Eu®* can be influenced by temperature, more
than by intrinsic thermo-sensitivity, the ET process also provides a temperature-induced
variation in LIR.21%22 |n the work of Carneiro Neto et al.,??3 thermally activation of Tb-Eu
ET in the [Ln(bpy)2(NOs)s] (Ln = Th, Eu) complex has been observed at T > 175 K, and the
rate of ET increased with increasing temperature. As shown in Figure 1.20 by Carneiro Neto
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et al., at 330 nm excitation, the emission intensity of Tb3' decreases with increasing
temperature while the emission intensity of Eu®* is the opposite.??®> Dual-center thermometry
is very interesting for low temperature sensing. For example, the Eu®>*/Tb** complex provides
high sensitivity for temperature measurement in the range 0 - 330 K.?2
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Figure 1.20: a.) Emission spectra of [Tho.gaEuo.06(bpy)2(NOs)s] (11-450 K) excited at 330
nm. Normalized emission intensity of b.) Tb®* and c.) Eu®* as a function of temperature.
(Figure 1.from ref.?23, A.N. Carneiro Neto et al. 2022. Copyright® Advanced Optical
Materials).

1.4.2 Ln-based pressure sensitivity
1) Photoluminescent manometry

Luminescent manometer has been extensively required for numerous new technologies
owing to their unique feature: contactless pressure measurement.?2%224225 Nonetheless,
compared to the widely developed PL thermometry, PL manometry is so far poorly studied.
Lanthanide-based materials are the most popular topic because of their long emission lifetime
and narrow emission peak hence high measurement accuracy. Quantitative pressure sensitivity
arises from the structural variation of phosphor, which is characterized by the spectral variable.
Commonly used parameters include luminescent lifetime, emission wavelength shift, and
recently the ratio between two emission intensities. The pression range measurable by PL
sensors is by far quite wide, from a hundred kPa to hundred GPa.!'6167.226 | the following
part, pressure-sensing process will be discussed in terms of their origins and measurement
methods.

- Structural-variation-induced energy levels offset

Compression leading to structural variation generally manifests in a decrease in the
distance between species, thus in contraction and distortion of crystalline lattice even more in
crystalline phase transitions. The shortening distances between species induced by
environmental change induces stronger covalent interactions between the emitter and its
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surrounding, and also decreases in the Coulomb and spin-orbit interactions, considered as the
nephelauxetic effect.??” Additionally, the lattice contraction leads to an increase in the strength
of the crystal field and thus of the Stokes’ splitting, which manifests in a spectral shift of the
Stark sublevels (Figure 1.21).228229 Thus, the shift of the emission peak and the variation in
the emission bandwidth are the most common spectral variable for pressure sensing.
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Figure 1.21: a.) Energy level scheme of Na2Y2B2O7: Bi** ions. (b) Both the nephelauxetic
effect and crystal-field splitting control the Bi* emission. (Figure from ref.2%, S. Wu, et al.
2020. Copyright® Journal of Materials Chemistry C)

- Energy transfer in pressure sensing

In a solid system, the interaction between species can also be strongly influenced by structural
variations. The FRET theory claims that the ET rate increases exponentially with decreasing
interionic distance, with order of R (n = 6, 8, 10... for dipole-dipole, quadrupole-dipole and
quadrupole-quadrupole, respectively).8+8 The interionic distance can be easily influenced by
the contraction or distortion of crystal lattices under the effect of increased pressure. This
methodology is so far mostly applied for ET process between lanthanide ions. However, the
pressure required to induce a structural variation can vary depending on the hardness of the
crystal lattice, which determines the sensitivity and sensing limit. For an inorganic host, a
relative high pressure is usually needed, so that the sensing range can reach a high pressure
while reducing the sensitivity.

Besides, the pressure sensing under compression in air has been discovered.!%’ In a ligand-
activated system, quenching sites such as O can absorb the energy transferred by the
sensitizers. Therefore, in the presence of O, the emitter cannot be excited by the sensitizer,
resulting in a reduction in emission intensity. Oz-sensitive properties are usually observed in
complex where the ligand is the sensitizer,%6:107:110.113.116.230231 - gy,ch O,-quenching effect is
very sensitive to O concentration, so pressure can be measured indirectly by changes in
luminescence in the presence of O,. This mechanism provides high sensitivity in a smaller
pressure sensing range (140 kPa). 116

Among those PL temperature or pressure sensors, lanthanide-based materials will be further
studied in this work. Advantages such as long emission lifetime, narrow emission peak
provide a more measurable spectral change, resulting in high sensitivity, greater accuracy, and
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reliability. Moreover, the low toxicity, and a large possibility of functionalization make the
lanthanide-based PL sensor easy to apply in in situ or in vivo measurement. In the following
paragraphs, lanthanide-based PL sensors will be presented.

2) Ln-based phosphors in manometry
- Peak-shift-based manometry

The PL properties of the Ln®* emitter due to the 4f-4f transition are highly dependent on the
crystal structure. Variables such as structural symmetry, crystal lattice, interionic distance
influence the emission of Ln-based materials, which can be manifested by shift in emission
peak, variation in peak shape and in emission intensity or lifetime. 2323 Pressure sensing
relies on spectral peak shift is more commonly studied. In Y20s:Eu®*, Zhang et al. found out
that the crystalline phase transformed under compression, from cubic to monoclinic then to
hexagonal, under about 11 GPa and 20 GPa, respectively.?®® The transformation of the
crystalline phases leads to the appearance of new Eu®" emission peaks. Meanwhile, during the
structural change, a slight shift of the red peak (0.098 nm/GPa) has been observed as an
indicator for the detection of pressure. The pressure-driven emission peak shift has later been
reported by Wang et al. in Eu(l1)-Doped BaLi,Al-Si-Ns.2?° Under high pressure (> 10 GPa),
compression leads to lattice contraction and distortion, resulting in crystal field splitting and
then in an increase in the Stokes shift, characterized by a significant shift in the emission peak
(1.58 nm/GPa). Similar studies on the impacts of structural symmetry of Eu®* in a B-diketone
complex have been reported by Wong et al.?*® Coordination environments including ligand
orientations, symmetry of Eu®* sites and interionic distances have considerable impacts on PL
performance. Under a compression of less than 6 GPa, a peak shift has also been observed up
to 0.38 nm/GPa.

Other lanthanide ions like Sm(II), Nd** and Ce®" are also reported as band-shift-based
pressure sensors for decades. The emission peak of Nd** doped YAIO3 from transition *Fo, —
*lg2 presented the shift of 0.47 nm/GPa up to 10 GPa.?® Furthermore, under higher-range
pressure, the emission band (5d — 4f) of Ce®" in YsBas(SiOs)sF2 shifted 0.63 nm/GPa up to
30 GPa, " while the Sm(1l) doped SrB4O7 has been confirmed to be sensitive up to 40.9 GPa
by peak shift (°Do —'Fo) of 0.321 nm/GPa.?*

- Energy transfer in pressure sensing

a) Ln-Ln

According to the theory of FRET, the d®-dependent dipole-dipole mechanism can be
easily influenced by contraction or distortion of crystal lattices under increasing pressure. This
methodology is so far mostly applied to Ln-Ln ET in an inorganic host as pressure-sensitive
phosphors for various applications.??3224239 The upconversion nanoparticles LaPO4 and YPO4
doped YDb® and Tm3* were developed as pressure sensors by Runowski et al.?*° The Yb%* to
Tm® ET pathway change caused by Yb-Tm distance decreasing with applied pressure,
resulting in the relative intensity (*Has — 3Hs/*Ga — 3He), lifetime, peak position and FVHM
peak of Tm3* varying with pressure up to 26 GPa. At lower range of pressure (up to 10 GPa),
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the pressure-sensing properties of upconversion Yb**/Er** doped nanoparticles have also been
discovered with the lifetime and brightness of Er®* varying with pressure.!8%24 At lower-
range pressure (up to 6 GPa), the pressure sensitivity on SrFz: Yb**/Er®* has been reported in
Runowski’s works, with variations in lifetime, emission intensity and peak centroid observed
under compression up to 5.5 GPa (Figure 1.22).2*2 Moreover, the pressure-sensing properties
of Yb**/Er®* upconversion doped fluoride nanoparticles have also been discovered with the
variation of the red-to-green ratio, lifetime and brightness of Er®* with pressure up to 5.4 GPa

by McLellan et al.?4
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Figure 1.22: Luminescence decay curves (left) and determined emission lifetimes (right)
for the SrF2:Yb**/Er®* sample under high pressure; lex = 980 nm, Aem = 653 nm for *Fo2 —
*11s12 transitions. (Figure from ref.242 | M. Runowski et al. 2017. Copyright® Nanoscale)

b) Ln-Ligand

In a ligand-sensitized Ln* system, the overall ligand-Ln ET pathway can be strongly
influenced by crystal lattice parameters (distance donor-acceptor®®84#6) ligand parallelism?%
and quenching sites (surface defect®8102103 gxyqenl®-112) Under hydrostatic pressure, the
‘Antenna effect’ of the organic ligand can be restricted by shortening the intermolecular
distance. Such phenomena have been observed in halogen-substituted Eu®* B-diketonate
complexes by Wong et al. in 20221%: the emission intensity of Eu* in the complex decreases
under hydrostatic pressure up to 6 GPa, with a peak shift measurement (maximum at 0.331
nm/GPa), and the Eu®* decay time slumps under 4 GPa (Figure 1.23). At higher pressure, Eu®*
and Tb® complexes with pyridine- and quinoline- based ligands show their pressure-
sensitivity below 160 kbar (16 GPa), based on the decrease in their decay time.?*®
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Figure 1.23: Determined luminescence lifetimes as a function of pressure, for Eu®* in f-
diketonate halogen-substituted complexes (Aex = 355 nm, Aem = 613 nm.). Inset shows the
luminescence decay curves recorded at different pressure values. (Scheme from ref.2%¢, H.
Wong et al. 2022. Copyright® Chemical Engineering Journal Advances)

On the other hand, other pressure-sensitive mechanism for lower-range pressure (< 140
kPa) has been discovered relying on the Oz-quenching effect. With the presence of O,
pressure-sensing by an Ln-based complex has been developed. The pressure-sensitive Eu®*
complex with the trifluoro-acetylacetonate ligands was first proposed by Amao et al in
2000, in which the pressure can be indirectly measured by luminescence changes in the
presence of oxygen, where the presence of O, promotes the luminescence quenching of the T
state of these materials. Recently, Hasegawa et al. discovered a pressure-sensitive Eu®*
coordination polymer, a decrease of Eu®* lifetime have been observed under pressure induced
by the rise of the O, concentration.''® Meanwhile, the Oz-quenched Ln®* intensity reaction has
also been found in a mixed Eu®" and Tb®" coordination polymer as both Eu®*" and Tb®*
emissions decreased with increasing pressure up to 140 kPa (Figure 1.24).116
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Figure 1.24: Effect of pressure on the emission spectrum of [Tho.9gEuo.01(hfa)z(dpbp)]n (hfa:
hexafluoroacetylacetone, dpbp: 4,4’-bis(biphenylphosphoryl)biphenyl), respectively) in the
polymer. (Scheme from ref. 16, M. Kasai et al. 2020. Copyright® Sensors)

3) Future: Ln-Ln ET in complex for pressure sensing

The pressure sensing mechanism based on the ET process is by far limited to Ln3*-Ln**
ET in an inorganic host and Ln®*-ligand ET in lanthanide complex. The evolution of
photoluminescence under pressure in a complex relying on Ln®*-Ln®*" ET has not been
developed to our knowledge. In Table 1.2, several examples of Ln®*-based manometers are
shown. Compared to the pure inorganic host, the lanthanide complex provides a softer
structure,?* with greater structural variation to be expected under the same pressure, leading
to higher sensitivity over a lower range of pressure. By applying a dual-emitters Ln-based
complex within occurring Ln®*-Ln3" ET process, changing the interionic distance can lead to a
variation in emission intensities. Like PL thermometry, the intensity-based pressure sensing
process can take advantage of the simplicity of data collection and processing for potential
applications. Intensity-based manometry is not as mature as thermometry so far, many studies
are required to improve the sensitivity, accuracy, and reliability of in the sensor for pressure
detection. The application of Ln**-Ln®" ET in a complex for P-sensing is an interesting
approach to develop.
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Table 1.2: Example of Ln-ions-based manometers.

5 140 kP 0-5.4GPa 0-10GPa 0-10 GPa
- a
Pressure range (Hydrostatic) (Hydrostatic) (Hydrostatic)
Host Diketonate UCNPs StF NaBiF YFs
complex
Lnions Th* and Eu®* Yb* and Er**
) ) Structural-contraction-induced variation in
Mechanism | Oz-quenching
FRET Yb3**-Er®*
. Emission Emission ratio NIR peak shift Red peak shift
Variance ntensit (green/red), (Er) (Er)
y lifetime (Er**)
Ref 116 241 181 245

1.5 Aims and challenges of the thesis

Over the past decade, there has been more and more research on Ln-based materials PL
for temperature and pressure sensing. These sensors offer advantages such as considerable
reliability, contactless operation, and high accuracy. The sensor in nanoscale size made them
also as non-intrusive in a number application. Ln materials are known for their non-toxic
nature, making them suitable for applications in biology and biomedicine. However, their
potential application in tribological measurements remains relatively unexplored.

This work aims to bridge the gap by applying Ln-based materials in tribological
measurements. By incorporating the PL sensor into mechanical contacts (lubricated or not), it
becomes possible to measure local temperature and pressure in real-time. This approach
enables the monitoring of temperature and pressure variations at the extremes of the contact
interface, providing valuable insights on the tribological behavior of the system.

The main challenge addressed in this thesis is to develop a PL sensing system able to
operate in a multivariable environment. In tribological interface, various factors such as
temperature, pressure, and shearing forces continuously vary, challenging for accurate and
reliable sensing. The sensor is needed to exhibit high sensitivity and selectivity to each
variable, allowing their individual quantification in real-time.

Due to the unique characteristics of Ln-based PL materials, including their long emission
lifetime, sharp emission peak, and ease of data collection and processing, they hold significant
potential for applications as sensors in tribological contact. In time-dependent measurements
where system parameters continuously change, self-monitoring sensing methods play a
crucial role in maintaining accurate and reliable measurements. LIR-based method is one of
self-monitoring methods, which has been widely used in Ln-based temperature sensing.
However, application of this method is relatively limited in the field of pressure sensing. To
develop a LIR-based pressure sensitivity method, the focus would be on the pressure-induced
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structural contraction and its impact on the ET process between two Ln®" ions, following the
FRET theory. By addressing the research gap in LIR-based pressure sensitivity, this work
aims to expand the capabilities of Ln-based sensors in time-dependent measurements for
further tribological applications.
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Chapter 2:

Synthesis and structural analysis
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2 Synthesis and structural analysis

2.1 Introduction

In the science of PL solid-state materials, structural characterization plays a crucial role in
understanding the optical properties and behavior of various materials. The PL properties of
lanthanide compounds can be strongly influenced by crystal structure and symmetry. In
addition, the mechanical analysis of PL sensors dispersed in materials, fluid lubricants or
solids should be carried out for further tribological applications.

This chapter aims to provide an overview of the essential methods and techniques
employed for the synthesis of PL sensors and their structural characterization. To forecast the
applicability of materials in further friction testing, it is essential to determine the mechanical
properties of PL sensor hosting materials (fluid and solid).

This chapter is divided into two parts: the first part is dedicated to the PL GdVOs
nanoparticles (NPs) for temperature measurement and the second to the PL Ln complex for
pressure measurement. The crystal structure and lattice parameters will be presented for each
compound, followed by electronic microscopy images to determine their size. The
incorporation of the PL sensor into matrices will also be discussed, as will their mechanical
characterization.

2.2 Matrices for PL sensor incorporation

2.2.1 Fluid matrices
Based on our previous works,** two commercially available fluid lubricants to disperse
the photoluminescent sensors are chosen to be (Figure 2.1):
1) Nycobase 5750: commercial polyol-ester-based oil used in aerospace applications.
2) Squalane: a well-characterized reference lubricant made of branched alkane.
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Figure 2.1: Chemistry formula a) of Nycobase 5750 and b) its chemistry structure
presentation; Chemistry formula c) of Squalane 5750 and d) its chemistry structure
presentation (red ball stands for oxygen, grey for carbon and white for hydrogen).

As shown in Figure 2.1, Nycobase 5750 has the chemical formula of monopentaerythritol
tetrahexane, making Nycobase 5750 more hydrophilic in nature due to the presence of an ester
group in its chemical composition. On the other hand, Squalane is composed of a long alkane
chain and is therefore more hydrophobic. Hydrophobicity refers to the lack of affinity or
interaction with water.

Nycobase 5750 and Squalane are well-characterized lubricant in literature and commonly
used in the field of tribology.}?>® Both substances possess characteristics such as being
Newtonian fluids, high thermal resistance, chemical stability, and non-toxicity.

2.2.2 Solid matrices
The solid matrices to incorporate PL sensor are:
1) Hybrid silica: sol-gel glass
2) PDMS polymer (Polydimethylsiloxane): elastic siloxane polymer
Both hybrid silica and PDMS exhibit improved mechanical strength, thermal stability,
optical transparency, and chemical resistance (Figure 2.2a and 2.2¢).”1°
In the context of sol-gel glass, the elaboration process involves converting a liquid sol,
consisting of the silica precursor methyltriethoxysilane (MTEOS, Figure 2.2b), into a solid gel
or glass through controlled hydrolysis in an acid medium and condensation reactions. On the
other hand, PDMS is a type of silicone polymer (Figure 2.2d) that can be produced in bulk or
film form through polymerization of commercial precursors at room temperature.
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Figure 2.2: a) Photo of pure hybrid silica bulk and b) chemical formula of MTEOS-based
silica; c) Photo of pure PDMS bulk and d) chemical formula of PDMS.

The incorporation of PL sensors occurs before the gelation or polymerization of the solid
material, the mixture is stirred using mechanical or ultrasonic methods for homogeneity.
Compared to hybrid silica, PDMS is easier to support high concentrations of PL sensors.

LnVO, NPs

dispersed Ester-based oil
CH;Si(OFt)3+ H,0-HCI + EtOH
— LnVO,4 NPs

dispersed in silica glass

Gelation
+ APTES

Waa b
oooooooo
oooooo
)

PL

Sensors LnVO, NPsin == LnVO, NPs

n Soljg I
prepared hybrid sol dispersed in PDMS

Polymerization

LnVO4 NPs in
PDMS precursor

Scheme 2.1: Overview of process used for the preparation of the PL sensor incorporated
materials. *Prepared hybrid sol: Hybrid silica sol after hydrolysis, condensation, and
evaporation process.

2.3 Nanoparticles GdVOa: Er¥*/Yb?*

2.3.1 Synthesis of PL GdVO,4 nanoparticles

Lanthanide orthovanadates exhibit a wide range of physical and chemical properties,
including excellent thermal stability, chemical durability, and interesting optical and magnetic
properties. The PL lanthanide vanadates can be easily synthesized through soft chemistry
under ambient pressure and at low temperature, such as coprecipitation. Following by thermal
treatment, the material provides highly efficient PL. Compared to other inorganic hosts, the
vanadates crystalize in smaller NPs (< 50 nm). For temperature sensing applications, the
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vanadate matrix provides very good sensitivity for Er¥*/Yb®" thermometry.*'? It has the
disadvantage of having a fairly high phonon energy,*® which is carefully considered in the PL
characterizations in this work. Besides, the mechanical stability of the sensor is also required
in further tribological measurements. GdVOs is known to exhibit a phase transition from a
zircon-like to a scheelite-like structure at 6.8 GPa,** which exceeds the pressure typically
encountered in tribological tests (up to 5 GPa), and we focus on a pressure range of less than 1
GPa in this work.

In 2000, Huignard et al. reported the synthesis of europium(lll)-doped yttrium(llI)
orthovanadate NPs by coprecipitation from soluble yttrium(ll1) and europium(lll) salts in a
basic solution; they obtained a colloidal solution of PL YVOa4: Eu®* NPs.'® The first step of
this reaction is the precipitation of the kinetically favored hydroxide Ln(OH)3

Ln3* + 30H" — Ln(OH)s\

Then, the lanthanide hydroxide reacts with orthovanadate ions to obtain
thermodynamically stable precipitation: LnVO4
Ln(OH)3 + VO#** — LnVO4\ + 30H"

In a later report from Huignard et al.,'® the authors demonstrated that this reaction strongly
relies on the pH, with yttrium orthovanadate only being obtained within a narrow pH range of
12.2 to 12.8. When the pH is above 12.8, the reaction does not occur, the yttrium hydroxide
precipitating instead of yttrium orthovanadates. When the pH is below 12.2, they observed
that the colloidal solution turned yellow, indicating the formation of polyvanadate species.!’
The authors claimed that the optimum pH should be 12.5.

While Huignard et al.*>!® focused only on the properties of aqueous Y3* and Eu®* ions,
Chang and Mao reported in 2007 that they obtained Gd(OH)3 using a colloidal hydrothermal
method with dissolved Gd** salt and NaOH at pH 13.18 Later, GdVO4 NPs were successfully
synthesized by coprecipitation at pH 12.1°2° Doped ions, such as Yb** and Er®*, have also
been reported to modify the PL properties of NPs.?

To optimize the PL properties of Ln-doped vanadates NPs formed by coprecipitation,
further thermal treatment should be followed for better crystallization. The upconversion
emission intensity of Er** in GdVOa: Er**/Yb® NPs at annealed 1000°C increased more than
2 times compared to those at annealed 800 °C. However, the size of the NPs increased
significantly with the increasing annealed temperature.'® The size the NPs is less than 100 nm
when annealed at 600 °C whereas the size reaches 1 um when annealed at 800 °C.

In this work, GdVOa.: Er¥*/Yb®* NPs are synthesized using a co-precipitation method

described by Huignard et al.!>® They are annealed maximum at 800°C to prevent their size
from increasing.
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Scheme 2.2: Overview of the co-precipitation synthesis of Ln\VVO4 nanoparticles.

2.3.2 Materials and Methods

1) Materials

The chemicals were used as follows: Gd(NO3)s hydrated (Alfa Aesar 99.9%), Yb(NO3)3
hydrated (Sigma-Aldrich 99.9%), Er(NOs)s hydrated (Alfa Aesar 99.9%), NH4sVO3 (min.
99.0%, Alfa Aesar), NaOH (Sodium hydroxide pellets, min. 99%, MERCK). A conventional
mono-pentaerythritol lubricating oil (Nycobase 5750, supplied by NYCO, Paris, France) was
chosen as the solvent to study the effect of the environment on the thermometric performance
of the probes. The solids were obtained by soft chemistry processes using the chemicals: NPs
GdVO4: Yb*/Er** ground powder, MTEOS (Methyltriethoxysilane 98%, abcr), EtOH
(Ethanol anhydrous, Carlo Erba Reagents), Hydrochloric acid (HCI 37%, Carlo Erba
Reagents),  3-aminopropyltriethoxysilane ~ (APTES, 95%, ACROS  Organics),
SYLGARD® 184 Silicone Elastomer (PDMS Polydimethylsiloxane, DOW).

2) Synthesis methods
- Synthesis of GdVOa: Yb3*/Er3* NPs

A chemical co-precipitation technique was used to prepare GdVOa: 10% Yb3*; 2% Er®*
NPs.202223 gSplution 1: 0.05 M NaVOs aqueous solution at pH 12, prepared by adding
NHsVOs3 in 0.15 M NaOH solution; Solution 2: Solutions in distilled water of 0.05 M
Ln(NOs)s in stoichiometric ratio (Gd**: 88% mol.; Yb®*": 10% mol.; Er**: 2% mol.). Solution 2
was slowly added to solution 1 (dropwise), the mixture became turbid with a white precipitate.
After heating under stirring at 60°C for 1 h, the precipitate was separated by centrifugation,
and washed with distilled water 3 times. The powder was dried at 80°C in an oven overnight,
as the product without annealing. The other product was then annealed in air at 600°C or at
800°C for 2 h.

- Preparation of a suspension of GdVOa: Yb®*/Er3* NPs in a lubricant

The suspension of GdVOa: Yb**/Er®* NPs was prepared by adding the ground powder in
an ester-based oil (Nycobase 5750) at mass concentrations of 0.1, 0.5, 0.75, 1 and 50 wt.%,
followed by mechanical stirring and by ultrasound at room temperature for 30 minutes,
respectively (Scheme 2.1).
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- Solid preparation of GdVOa: Yb3/Er3* in a hybrid glass or PDMS polymer

a) In Glass: 5 wt.% of NPs
The NPs hybrid glass was prepared by a sol-gel procedure via hydrolysis and
condensation of the MTEOS precursor in acid water (HCI pH =2.4, 1:0.3 by mass) and
ethanol (1:0.8 by mass).® After 18 h of stirring at room temperature, the solvent was removed
by evaporation under vacuum. A quantity of NPs powder was then dispersed in the
concentrated sol and stirred ultrasonically for 10 minutes. To accelerate condensation, 2 vol.%
of APTES was added to the mixture under stirring. Then, the NPs suspension in the sol was
placed in an oven at 50°C for gelation and subsequent drying to a solid glass. In our case, 5
wt.% of NPs powder in the sol is the maximum amount that can be dispersed to obtain a
transparent glass (Scheme 2.1).
b) In PDMS: 5 wt.%; 50 wt.% of NPs
PDMS polymer with 5 wt.% or 50 wt.% NPs was prepared by polymerization at room
temperature. The NPs powder was first mixed with the PDMS silicone precursor under
mechanical stirring, the initiator (1:10) was added to start the polymerization (Scheme 2.1).

3) Characterizations and methods

The crystalline phase of the synthesized NPs was characterized by an X-ray diffractometer
(Bruker D8 Advance diffractometer) with Cu Ka radiation (A = 1.54060 A) operating at 45 kV
and 30 mA at room temperature. Diffractograms were collected at 26 between 5 and 70° with
steps of 0.016° (Centre de Diffractométrie Henri Longchambon, Univ Lyon 1).

The morphology of the NPs was analyzed by transmission electron microscopy (TEM,
JEOL 2100F 200 kV). Scanning electron microscopy SEM images were obtained using a
Zeiss Merlin Compact SEM with a secondary electron detector at a low accelerating voltage
up to 5 kV and backscattered images at 20 kV (Centre de Microstructures CTp, Univ Lyon 1.
The solid sample was cut into a thin slice, and then metallized by copper vapor on the surface
for the analysis.

The hydrodynamic size of the NPs in the suspension was calculated by the Dynamic Light
Scattering (DLS, Malvern-Zetasizer) at different concentrations.

The viscosity of the colloidal suspension was determined by a rheometer (Physica
MCR301, Anton Paar) with a parallel-plate geometry (PP40), at different temperatures (293—
373K, + 0.03K) and imposing a shear rate (range between 1 to 10* s). During the
measurement, a steel plate is rotating against a glass plate, the gap between the two parallel
plates was fixed at 0.2 mm. Transparent glass plate will be used for further optical
measurement. The uncertainty on viscosity measurement is about 5%.

The mechanical resistance of solids matrices is determined in compression using a
custom-built High Pression Torsion test rig, capable of compression and/or torsion.?*2¢ A
schematic of the rig is included in Fig. 2.12. The test rig is placed on a servo-hydraulic
machine, consisting of hydraulic actuators operated by electrohydraulic servo valves. In our
case we use the system in compression only. The monoliths were placed between two anvils
made from cobalt-tungsten carbide (WC-Co) composite of diameter d (Figure 2.3). Prior to
HPT tests, the disks and anvils were bathed in acetone and alcohol, respectively, for 10 min
using ultrasonic cleaning. Applied normal load F measurement was accomplished using a

84



static torque sensor. Vertical displacement, to monitor the change in sample thickness t, was
measured using 3 inductive sensors (positioned at 120° intervals).

Applied force along axis Z

HHHEH

- n en en e e e = ..
— -
- -

S Materlaloﬂnteres’tB t
/C Thickness t
Anvil

Figure 2.3: Schematic presentation of the High Pression Torsion test rig.

Then, the mean compressive pressure or the normal stress P is calculated by the
equation P = , with their surface S determined as 5 = 7 (<) .

Thermal conductivity was studied using MTPS (Modified Transient Plane Source) method
with a TCi thermal conductivity analyzer (C-Therm, TCi-3-A) (Hervé Pabiou, CETHIL). The
fluid sample is placed into a liquid cell and the solid sample is deposited on the solid support,
as shown in Figure 2.4. The precision of measurements is better than 1%, and the accuracy is
better than 5%.

- %
C g
-3 »
” . L'-T’!NA
Replacement Liquid
Sensors Cell

Figure 2.4: Photos of sample supports of TCi thermal conductivity analyzer.
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2.3.3 Structural characterizations of NPs powder
1) Crystal phases determinations: XRD

The X-Ray powder diffraction of GdVOa: Yb**/Er¥* NPs are determined for the products
after coprecipitation (without annealing), annealed at 600°C for 2 h and annealed at 800 °C
for 2 h. As shown in Figure 2.5, the XRD patterns of all the GdVOa: Yb3**/Er®* synthesized
match well with the theoretical planes of the tetragonal phase (JCPDS 17-0260) whatever the
annealing temperature. The product is a pure gadolinium vanadate with an 14;/amd space
group. The crystal quality can also be inferred from the XRD diagram: the XRD pattern of the
NPs without annealing is considerably noisy, the crystallization is thus not good.
Consequently, the NPs without annealing do not show luminescence under excitation.
Annealing at 600°C optimizes crystallization, the XRD pattern is thus clearer and the hkl
peaks are narrower than those of NPs without annealing. The crystallization of GdVOa:
Yb*/Er¥* NPs is even better at 800°C. Both annealed NPs exhibit significant green light
under excitation.

Ane e

NPs annealed at 800°C

NPs annealed at 6007\ h

NPs without annealing

Normalized int. (arb. units)

JCPDS 17-0260

_ | R |‘| | I N N AN AT I
10 20 30 40 50 80
26 (degrees)

Figure 2.5: X-ray powder diffraction patterns of NPs GdVOa: Yb3*/Er®* without annealing
(in grey), annealed at 600°C (in blue) and at 800°C (in orange), reference in red line from
JCPDS 17-0260.

The crystalline structure of GdVOa: Yb3*/Er¥* NPs is similar to that of YVOa., with four
molecules occupying a unit cell (Figure 2.6).%” Along the c-axis, the crystalline structure
exhibits an organized arrangement. It consists of alternating [VO4] tetrahedra, which contain
the vanadium atom at their center, and [YQOg] polyhedral, which are composed of a central
yttrium atom and oxygen atoms at their corners. The Y3* in polyhedral [YOg] is non-
centrosymmetric and has D2g symmetry. When Yb3* and Er®* are introduced into the structure
as dopants for PL properties, they replace the Y3 site.
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Figure 2.6: Crystalline structure of YVOu, from Broch?® (CIF 1011156), the file can be
found in the Crystallography Open database.?®

2) Nanoparticle size analysis: TEM and SEM

SEM images of GdVOa: Yb3*/Er¥* NPs annealed at 600°C and 800 °C are shown in
Figure 2.7. The size of the NPs annealed at 600°C is homogenous, around 30 nm diameter
whereas the size of those annealed at 800°C is not uniform, some reaching 100 nm. Some
aggregated NPs are recrystallized together to form large-size particles during high temperature
annealing, which agrees with the observation of Gavrilovi¢ et al.X® The NPs annealed at 600°C
are chosen for further characterization as the monodispersed size of NPs is preferable for
better special resolution of measurements.

NPs annealed at 600°C

(o IS “,
bp

NPs annealed at 80°C

—_

Figure 2.7: SEM images of NPs GdVOa: Yb**/Er®* powder annealed at 600°C and 800°C.

The GdVOa4: Yb*'/Er** NPs are elongated ellipsoidal crystallites 30 nm long and the
clusters formed have a size of 300 nm.*® The TEM image (Figure 2.8a) confirms that the
particle size is of the order of 30 nm and shows the porosity of the particles induced by atomic
diffusion during heat treatment.®*3! The HR TEM image (Figure 2.8b) shows reticular planes
0.47 nm apart, which is consistent with the plane distance (101) of GdVO4 (JCPDS-17-0260).
The electron diffraction pattern (Figure 2.8c) confirms the presence of crystalline GdVO4
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(JCPDS-17-0260). Finally, the EDX spectrum (Figure 2.8d) confirms the chemical
composition of the probes, which contain Gd (28.9 at%), V (28.5 at%), Yb (4 at%) and Er
(low content). This analysis leads to a Yb/Gd ratio of 0.14, consistent with the theoretical one
(Yb/Gd=0.10). The agglomerates formed by NPs have a size of around 300 nm, which has
been confirmed by a TEM image,® this result has also been observed in other’s work.® This
size of aggregation is not a problem for our application, but solutions could be considered to
limit it.163334 A solution to avoid an increase in size after annealing has been proposed by
Mialon et al.*® A silica coating on the NPs formed by the Stéber method can be applied before
heat treatment. The silica coating protects the NPs from coalescence. This method will be
considered in our further synthesis but not in this work.

Figur
e 2.8: a.) TEM picture; b.) HRTEM picture; c.) Electron diffraction pattern d.) and EDX
spectrum of GdVOa: Yb**/Er®* NPs powder.

2.3.4 Dispersion of NPs in a fluid matrix
The Nycobase 5750, namely Nycobase for clarity in the following, was chosen as a fluid
medium to apply GdVOa: Yb**/Er®* nanoprobes for tribological temperature measurement.?

1) Hydrodynamic size of NPs

The NPs suspensions are prepared at different and relatively low concentrations: 0.1, 0.5,
0.75 and 1 wt.% for DLS analysis. As shown in Figure 2.9, the measured hydrodynamic size
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of the NPs suspension after one week of settling. The hydrodynamic size of the NPs
aggregation is about 400 nm, which corresponds to the previous result observed in the TEM
image.®? However, although in the 0.1 wt.% suspension, the hydrodynamic size is the smallest
among all, around 100 nm, the second peak at 5000 nm shows that the suspension is not
homogeneous. The hydrodynamic size of NPs aggregation increases with dispersion
concentration, with the largest size among all concentrations centered at 459 nm in the 1 wt.%
suspension.

In lubricated tribological measurements, the NPs suspension passes through the interface
of the two first bodies. The thickness of the fluid interface, depending on the mean speed of
the surfaces and the viscosity of the fluid, may range between few nm and 10 um. Compared
to the interface thickness, the NP size should be at least 10 times smaller. Consequently, the
smaller the NPs size, the better for application in any tribological measurement. Moreover, it
is important to note that when spatial resolution is not limited to the size of the laser beam,
monodispersity and the small size of nanoprobes are required for tribological applications to
improve spatial resolution. The position of the peak centroid, as well as the width of the peak
increases with concentration, which means that the hydrodynamic size increases while the
monodispersity becomes more important with increasing concentration, respectively. Among
the concentrations of 0.5, 0.75 and 1 wt.%, the 0.5 wt.% suspension has both the smallest
hydrodynamic size of the NPs (less than 350 nm) and the best monodispersity. The 0.5 wt.%
NPs suspension is thus selected for further optical characterizations in the following sections.

35
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Figure 2.9: DLS diagram of GdVO4:Yb**/Er®* suspension at 0.1, 0.5, 0.75 and 1 wt.%.

2) Rheological properties

The viscosity of the 0.5 wt.% and 1% suspensions is measured at different temperatures
using pure Nycobase as a reference. Figures 2.10a and 2.10b show the measured viscosities of
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0.5 and 1 wt.% and the reference pure Nycobase at 293 to 373 K, respectively. As pure
Nycobase is a Newtonian fluid, its viscosity does not change with shear rate, which is thus
presented by a line in Figure 2.10. When the shear rate is above 10 s, the difference in
viscosity between the 0.5 and 1.0 wt.% suspensions and pure Nycobase (< 2.97% and <
4.65%, respectively) can hardly be observed within the experimental uncertainty range (< 5%).
This means that the dispersion of NP does not modify the viscosity of the base oil, thus the
tribological behavior of the mechanical contact should be not affected due the presence of the
NP. At low shear rate (< 10 s%), the fluid regime may not be stable, the measured viscosity is
thus more inaccurate. Moreover, at 293K, under high shear rate (> 8000 s™), the viscosity
decreases very slightly with increasing shear rate for suspensions, which can be explained by
the heating effect induced by shear which decreases the viscosity.*

a.) b.)

&0 NPsat0.5wt% —Pure Nycobase NPsat 1.0wt%  —Pure Nycobase
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Figure 2.10: Viscosity of GdVO4:Yb3*/Er®* NPs suspension at 293 — 373 K under a shear
rate of 1 - 10* s’ for a) 0.5 wt.% NPs suspension (in dot) and pure Nycobase (in line); b) 1.0
wt.% NPs suspension (in triangle symbol) and pure Nycobase (in line).

3) Thermal conductivity

As shown in Table 2.1, pure Nycobase has a very low thermal conductivity, while
dispersing the NPs at 0.5 wt.% do not change the thermal property of the fluid. Thus, heat
dissipation can be neglected in the fluid matrix.

Table 2.1: Experimental thermal conductivity of the NPs suspension at room temperature

(20°C).
Samples Effusivity k
(WsY2/m2K) (W/mK)
Nycobase 489.2 0.16
0.5 wt.% NPs suspension 490.6 0.16

2.3.5 Dispersion of NPs in solid matrices
GdVO4: Yb*/Er** NPs are also encapsulated in solid media to explore their potential
application in optical thermometry for the local temperature measurement, such as measuring
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the local temperature of the near-surface layer of a solid in tribology. The solid matrices were
chosen as hybrid glass and PDMS. The concentration of NPs in hybrid silica is limited to 5
wt.% through the sol-gel process, whereas PDMS can support NPs up to 50 wt.% or even
higher.

4) Size of NPs aggregates

The aspects of the NPs/matrix mixtures at 5 wt.% are shown in Figure 2.11a for the hybrid
silica glass and in Figure 2.11b for the PDMS, they became white with some transparency
after the dispersion of the NPs.

The dispersion of NPs in the hybrid silica glass was observed by backscattering electronic
microscopy. Figure 2.11c shows a cross-sectional view of a slice of hybrid glass into which 5
wt.% NPs were inserted by the sol-gel process, in which the white dots are the GdVO4 NPs,
approximately 1 pum in size (Figure 2.12). The dispersion of the GdVOs4 NPs can be
considered homogeneous. Compared with dispersion in a fluid, the GdVO4 NPs aggregated to
a greater extent when dispersed in hybrid silica glass. However, unlike NPs in suspension, the
solids are not limited to the interface thickness. The size of around 5 um is satisfying for
temperature measurements in tribological contact (less than 1 mm of diameter) by now, as the
spatial resolution will be limited by the laser beam diameter (around 10 pum).

PDMS

Figure 2.11: Photos of GdVO4 NPs composites a.) with silica glass; b.) with PDMS; c.)
Backscattered electron image of the metallized slice of the GdVO4 NPs/silica glass composite.
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Figure 2.12: SEM image of the metallized slice of the GdVO4 NPs/silica glass composite,
associated elemental mapping of vanadium and gadolinium.

5) Mechanical properties

Mechanical compressive tests were conducted on the High Pression Torsion test rig at
LaMCoS. The analysis was carried out for pure silica glass monoliths, NPs dispersed silica
glass monoliths, pure PDMS monoliths and film. Figure 2.13 shows the experimental curves
for pure silica glass and PMDS film. The top of the blue line stands for the applied normal (Z
axis of the experimental setup) force up to the programmed value (16.3 kN). The maximum
applied force was determined by a prior mechanical test, which is the limited force just before
the damage of silica glass sample. At the bottom of Figure 2.13, the orange line stands for
displacement of the moving part of the experimental setup. It is measured with 3 displacement
sensors along the Z axis (Figure 2.3).

Thus, the corresponding deformation (displacement divided by the initial height) of the
samples under the effect of the applied force can be calculated. The deformation becomes
greater with the increasing applied force, and the deformation of both samples is elastic for
the given normal applied force. More data is completed in Table 2.2. Compared with silica
glass, the PDMS monolith has a higher deformation level (64%), and even higher in the
PDMS film (86%). The addition of NPs at 5 wt.% to the silica glass has no significant impact
on the mechanical properties.
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Figure 2.13: Applied normal force (in blue line) and sensor vertical displacement (in
orange line) (deformation of solid matrices under the maximal applied axial load is indicated),
a) hybrid silica glass and b) PDMS (ee stands for deformation level).

Table 2.2: Mechanical resistance of solids matrices at room temperature (20°C) under 16.3
kN applied force.

samples Diameter | Thickness t P Max Deformation
P d (mm) (mm) (MPa) (%)
Silica Glass monoliths 11.4 2.0 159.5 45.5(5)
. . £ .
Silica Glass (+ 5% wt. NPs) 113 2.0 162.5 46.5(5)
monoliths
PDMS monoliths 25 2.5 33.1 64.4(3)
PDMS film 25 0.6 33.1 86.1(8)

6) Thermal conductivity

Like the fluid matrix, the solid matrices have a very low thermal conductivity (Table 2.3),
so heat dissipation can also be neglected. Dispersion of NPs at 5 wt.% has no significant
impact on the thermal conductivity of PDMS monoliths. The impact of NPs dispersion in
silica glass is assumed to be negligible, as data from silica glass with 5 wt.% NPs was not
taken into account due to the sample diameter being too small for the measurement.
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Table 2.3: Experimental thermal conductivity of the solid matrices at room temperature

(20°C).
Samples Effusivity k
(Ws%2/m2K) (W/mK)
Silica glass 485.1 0.16
PDMS 601.6 0.24
5 wt.% NPs solid in PDMS 610.4 0.25
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2.4 Lanthanide complexes (Ln =Y; Th; Eu)

2.4.1 General of lanthanide -diketonate complexes
1) pB-diketones complexes

Through coordination chemistry synthesis, complexes can consist of lanthanide ions as the
central metallic atom and surrounding organic ligands. Among the different families of
lanthanide complexes, this section focuses on the [B-diketone complex. The B-diketones
consist of two carbonyl groups separated by a carbon atom (o-carbon).®® In most of these
ligands, the substituents on the a-carbon are hydrogen atoms. Multiple substitutions can be
envisaged on carbons 1 and 5, by alkyl, alkyl-fluorinated, or aromatic or heteroaromatic
groups. The simplest B-diketone is acetylacetone (acac), where the substituents on both
carbonyl groups are methyl.®” In this work, trifluoro-acetylacetone (tfa) is employed as a
ligand to obtain PL lanthanide complexes.

2) Synthesis of Ln3* complex

The synthesis of Ln complex involves the coordination of central metal ions with one or
more organic ligands. Various synthesis methods, such as sublimation,® ionization,* hydro or
solvothermal,*® can be employed. Crystallization is commonly used to purify coordination
complexes. By forming single crystals, the purity of the Ln®* complex is maximized, and a
homogeneous structure is obtained. To favor the formation of singles crystals, the synthesis
protocol must be carefully controlled, with conditions such as the temperature, humidity,
concentration of precursor and cooling speed playing crucial roles.** Therefore, coordination
of the Ln*" complex in solution by the assembly of dissolved Ln3* ions and deprotronated
ligands minimizes solubility problems, which is thus preferable to form single crystals. In this
work, the Ln3* complex is synthesized in a basic alcoholic solution by dissolving the Ln®*
ions and deprotonated ligands. The process is followed by a slow crystallization step achieved
through gradual cooling based.

Details of the synthesis of the Ln complex can be found in section 2.4.2.

3) Nuclearity of Ln complexes

The synthesis of lanthanide complex can involve partial hydrolysis of Ln®* ions, with the
use of organic ligands that favor metal aggregation over polycondensation, leading to the
formation of discrete complexes rather than extended polymer networks. The choice of
ligands plays a crucial role in modulating the structure and nuclearity of the complexes, which
in turn influences their optical or magnetic properties. Furthermore, the nuclearity of the
complexes can also be controlled by adjusting the pH of the solvent. Recent work has reported
that the polynuclear Ln** complex is formed during the controlled hydrolysis of Ln®* in a high
pH solution, whereas the mononuclear Ln** complex is obtained in an acidic solution.*? In this
work, we use the same synthesis protocol, and focus on the influence of different ligands on
the structure and nuclearity of Ln** complexes. The B-diketone ligands [acac], [tfa] and the
ligand 1,10-phenanthroline [phen] will be studied in this section.
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4) Photoluminescence of Ln** complexes

The objective is to explore the PL properties of the synthesized Ln** complexes, and their
potential for development as pressure sensors in tribological measurements. Compared with
inorganic compounds, Ln®*" complexes offer greater structural flexibility, allowing a wider
range of structural variations under compression.** However, a major drawback of Ln3*
complexes is their high sensitivity to the surrounding environment, making the luminescent
quenching occurs easily. Therefore, organic ligands must be able to enhance the intensity of
PL emission from Ln®" emitters in the complex. Typically, the organic ligands used in
complexes are capable of absorbing UV light over a broad absorption band. Sensitization of
Ln3* by another means, namely a good light absorber, has been studied and is known as the
‘Antenna effect’* In a Ln®" complex, the antenna effect can be very effective due to the
strong interaction between the ligand and the metal.**>! The S; singlet excited state of the
ligand can be deactivated by the non-relaxation process (NR) or intersystem crossing (ISC) to
the T1 triplet, and then energy transfer (ET) continues from T; to the Ln®* emissive level. The
ligands [acac], [tfa] and [phen] will be studied as sensitizers of Ln3* jons in a Ln®** complex
(Figure 1.13 see in Chapter 1, section 1.3.2). Based on previous work concerning the study of
B-diketonate complexes,**%>% Th* and Eu®* complexes were developed by varying the
ligands in order to obtain PL complexes efficient for pressure sensing. As Tb*' is a well-
known sensitizer of Eu** due to the strong match of the energy level gap (°Ds— 'Fs = 'F1 —
°Dy),>51 the efficient Th3*-Eu®* energy transfer process can thus be expected, which may lead
to pressure sensitivity (see chapter 4). Furthermore, as the emission peaks of Tb®" and Eu®*
are mostly distinct, it is possible to analyze their emissions separately. Dilution with optically
neutral ions such as Y** can improve the intensity of the emission due to the protection of the
emitter from concentration quenching,®? the Y**-diluted complexes are also studied.

By varying the nature of the ligands, three types of Ln-complexes were synthesized and
named [Lnq], [Lnz] and [Lne] because of their nuclearities.

Table 2.4: Ln complex synthesis.

. (L] [Lno]
REREMS 1 [Ln(acac)s(phen)] | [Lna(u-OMe)(fa)s(phen):] o%?(ﬁcc)a)c():f-(gh)]
[phen]* X X :

facac]* X / "

[tfa]* / X /

*[phen] =1,10-phenanthroline; [acac] = acetylacetone; [tfa] = trifluoro-acetylacetone

96




2.4.2 Materials and Methods
1) Materials

Commercial chemicals reagents and solvent were used without further purification.
Lanthanide ions: YCIs hydrated (Alfa Aesar 99.9%), ThClz hexahydrated (Thermo scientific
99.9%), ErCls hydrated (Alfa Aesar 99.9%); Ligands: 1,10-phenanthroline (1,10-
phenanthroline powder monohydrate, 99+%, Alfa Aesar), acetylacetone (2.4-pentanedion
Reagent plus > 99%, Sigma-Aldrich), trifluoro acetylacetone (1,1,1-Trifluoro-2,4-
pentanedione, Sigma-Aldrich); Additives: triethylamine (EtsN, > 99.5% Sigma); Solvent:
MeOH (Methanol anhydrous, Sigma); EtOH (Ethanol anhydrous, Sigma).

2) Synthesis methods

The Ln**-complexes were prepared on the basis of literature synthesis.**>® By varying the
nature of ligands, three types of Ln-complexes are synthesized. The alcoholic solution of Ln3*
was prepared by dissolving hydrated LnCls in MeOH at different compositions. Ligand [phen]
was then added to the MeOH solution. After the solid compounds had dissolved, ligand [acac]
or [tfa] was added to the solution with mechanical stirring. The mixture was stirred for 30
minutes at room temperature, then EtsN (15 vol.% of MeOH) was added. The solution was
then stirred for a further 15 minutes and stored in the refrigerator at 3 - 5°C for subsequent
crystallization. After 24 - 48 hours, the colorless crystals formed were separated from the
solution and washed with a small amount of EtOH. More information is completed in Table
2.5.

Table 2.5: Concentrations (M) of the reagents for Ln complex synthesis.

Lng
RS | aenonen)] | [Loseome(Tohen] O,ﬂﬁ:&ﬁ%ﬁ,&éjj‘g;)]
LnCls (MeOH) | 0.2 M (Eu; Tb; Y) 0.2 M (Eu; Th)
[phen]* 0.2 0.2 /
[acac]* 0.6 / 0.6
[tFa]* / 0.6 /

*[phen] =1,10-phenanthroline; [acac] = acetylacetone; [tfa] = trifluoro-acetylacetone

3) Characterizations methods

The powder X-ray diffraction diagram are performed by Bruker D8 Advance
diffractometer, equipped with the Cu Ka radiation (A = 1.54060 A), under 45 kV and 30 mA
at room temperature. The crystal structures are determined by single-crystal X-ray
diffractometer. The single-crystal was selected and mounted on an XtaLAB Synergy,
Dualflex,HyPix-Arc 100 diffractometer (Centre Diffractométrie Henri Longchambon, univ
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Lyonl). Data collection was achieved at 100.0(3) K using Molybdenum X-ray radiation (A =
0.71073 A). Intensities were collected by means of the CrysalisPro software.®® Reflection
indexing, unit-cell parameters refinement, Lorentz-polarization correction, peak integration
and background determination were carried out with the CrysalisPro software.

The crystal structure was solved by direct methods using the ShelXT® and refined using
ShelXL.%° Structure was refined using full-matrix least-squares on F? within the Olex2 suite.®
All non-hydrogen atoms were refined with anisotropic displacement parameters unless
specified otherwise. Disordered portions were modelled using refined partial occupancies.
Geometric and vibrational restraints were applied where appropriate to ensure physically
reasonable models. In the case of metallic position within the mononuclear complex [Lny],
Th® and Y3* ions were fixed at the same crystallographic position and restraints on their
position as well as their anisotropic displacement parameters were fixed. Their respective
occupancies were refined fixing the sum equal to 1.

Scanning electron microscopy (SEM) images and elemental EDX spectra of the complex
were captured by the Zeiss Merlin Compact operating at 20 kV. The homogeneity of the
elemental composition was confirmed by EDX analysis.

The DLS and rheological measurements are the same as in section 2.3.2.

2.4.3 Structural characterizations of Ln®* complex
1) Physical aspects

The crystal obtained after purification is a colorless solid. As shown in Figure 2.14, the
crystals of [Ln1] are transparent needle-like solids with a length of 4 — 6 mm, the crystals of
[Lnz] are a white powder and the crystals of [Lng] are transparent platelets solids with a size
length about 5 mm.

Figure 2.14: Photos of synthesized Ln** complexes.

2) Crystal structure determinations
- Complex [Ln1] [Ln(acac)s(phen)]

After soft grinding, the powder of [Lni] complexes was analyzed by X-ray diffraction.
Figure 2.15a shows the X-ray powder diagram of the complex at different compositions. The
structure is very similar to the reference (CCDC 1482080°7:68): C,7H20N206Ln (Ln%*= Th%,
Eu®"), corresponding to one Ln*"*, three ligand [acac] and one ligand [phen] per molecule. The
slight difference in the peak around 12° can be explained by the polymorphism in [phen]
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coordinated complex.%® The structural resolution of the [Euoo1Tbo20Y0.79(acac)s(phen)]
complex on a single crystal was carried out and confirms that it has the same structure as the
monometallic Tb or Eu complexes.®

The [Euo.01Tho20Y0.79(acac)z(phen)] compound is a mononuclear complex in which the
Ln3* ion is coordinated by three deprotonated acac- ligands and one neutral phenanthroline.
Its refined formula is therefore [Ln(acac)s(phen)] (Figure 2.15b). Metal position occupancy
was refined to the following values: 85.5(8)% of Y and 14.5(8)% of Th®". It was not
possible to highlight the presence of Eu®* as its proportion during synthesis was of the order
of 1% (molar). However, its presence was confirmed by optical measurements. Data on the
crystal lattice is given in Table 2.6. All C-O bond lengths in the complex are very close to
each other, ranging from 1.26(1) A to 1.271(9) A (Table A1), confirming that the charge, once
the ligand is deprotonated by the base, is delocalized throughout the -diketone. All Th/Y-O
bond lengths, from 2.300(5) A to 2.333(5) A, and Tb/Y-N bong lengths, from 2.534(6) A to
2.565(6) A, agree with those already reported in the literature.”® The Ln%* ion is in a {OsN2}
environment that can be likened to a square antiprism (Dasq, Table A2). The shortest
Th/Y-~Thb/Y distance is equal to 8.003 A along the [011] direction within the unit-cell (Figure
2.15¢).
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Figure 2.15: a.) X-Ray diffraction patterns of [Ln(acac)s(phen)] with different
compositions, the reference [Th(acac)s(phen)] (CCDC 1842080) from the work of Bukvetskii
et al..%” b.) Molecular structure of [Euo.o1Tho.20Y0.79(acac)s(phen)]; c.) Distances between the
Ln atoms.

- Complex [Lnz] [Lnz2(u-OMe)z(tfa)a(phen):]

The powder XRD diagrams as shown in Figure 2.16a are all similar in different
compositions. The refinements of [Ln2] crystal structure were carried out in case of Th®*
based complex and lead to the following general formula: [Ln2(z-OMe)z(tfa)a(phen).]. Within
this binuclear complex, each Ln®*" metal center is coordinated by two deprotonated trifluoro-
acetylacetonate ligands and one neutral phenanthroline. Their coordination spheres are
completed by two #-OMe ligands forming a double bridge between the lanthanide ions
(Figure 2.16b). Data on the crystal lattice is given in Table 2.6. The C-O bond lengths of
trifluoro-acetylacetonate ligand in the complex [Lnz] are comparable, ranging from 1.237(8)
A to 1.255(8) A (Table Ala), but appear to be shorter than those in [Lni]. The difference in
bond length between the C-O bonds in trifluoro-acetylacetonate and acetylacetonate can be
attributed to a higher electronegativity of fluorine than that of hydrogen. The large positive
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charge on the C atom in trifluoro-acetylacetonate leads to a strong C-O bond, so the bond
length is shorter. On the contrary, the Ln-O bond and Ln-N bond lengths are close to those
observed in [Ln¢]. In this binuclear complex, the intramolecular distance between the two
combined Ln ions is 3.732 A, and the shortest Ln-Ln intermolecular distance is equal to 9.294
A and (Figure 2.16c).
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Figure 2.16: a) X-Ray diffraction patterns of [Ln2(x-OMe)2(tfa)s(phen)z] with different
compositions. b) Molecular structure of [Thz2(x-OMe)z(tfa)a(phen).]. c) Distances between the
Ln atoms in the complex [Tb2(-OMe)2(tfa)s(phen)2].

- Complex [Lno] [Lns(acac)is(us-OH)s(w-O)(ua-OH)]

As shown in Figure 2.17a, the XRD powder diagrams of the [Lng] complex synthesized at
different compositions are all similar to the reference** (reported structure: CCDC 711969
[Eug(acac)is(ps-OH)s(us-O)(ua-OH)]. The reported crystal structure is presented in Figure
2.17b. There are two pentanuclear square pyramids of Ln atoms aligned face to face along the
central axis. The base of the pyramid consists of four Ln atoms, shearing an apical metallic
atom. The central Ln atom is connected to the others Ln atoms by eight ps-OH ligands,
forming a near perfect square anti-prism local symmetry (Figure 2.17b). Crystal lattice data
are given in Table 2.6. The C-O bond of the acetylacetonate ligand in the [Lng] complex
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ranges from 1.24(3) A to 1.36(2) A (Table A1). Ln-O bond lengths ranged from 2.32 (1) A to
2.638 A, most of them are longer than those in the [Lni] complex. The shortest Ln-Ln
intermolecular distance is 10.136 A and the intramolecular distance is 3.783 A (Figure 2.17¢).
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Figure 2.17: a) X-Ray diffraction patterns of [Lng(acac)1s(uz-OH)s(us-O)(us-OH)] with
different compositions, reference [Eus(acac)is(us-OH)s(us-O)(ns-OH)] (CCDC 711969). b)
The reported molecular structure of [The(acac)is(us-OH)g(us-O)(us-OH)]. c) Distances
between Ln atoms in the complex [The(acac)1s(us-OH)s(us-O)(ns-OH)]. (All the data come
from the CCDC 711969, Petit et al. %)
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Table 2.6: Crystal data of refinements for Ln complexes

Sample [Lnq] [Ln2] [Lng]*
Refined formula C27H29N206LN Ca6H38F12N4O10LNn2 | CeoH123043LNg
Molecular weight | 576.6 (Tho.145()Y 0.855(8)) 1352.7 (Thy) 3203.2 (Tho)
(g.mol™)
Crystal system monoclinic triclinic tetragonal
Space group P24/n P1 P4/n
Unit-cell a=9.41353) A a=10.733(5 A a=19.1714(7) A
parameters b =20.7817(6) A b =10.862(5) A ¢ =15.5661(6) A

c=14.4473(4) A c=12.993(5) A V =5721.2(4) A3

B =98.247(3)° o =97.702(5)°

V =2797.1(1) A3 B =109.622(5)°

A=112.978(5)°
V =1250.7(1) A3

zZ* 4 2 2
T (K) 100.0(3) 293 290
g (mm)* 2.190 2.908 5.617
Density 1.369 1.796 1.879
Crystal size (mm®) | 0.07x0.10x0.59 0.14x0.27%0.35 0.02x0.09%0.10
Crystal colour colorless colorless colorless
Crystal shape block plate plate
No. reflections 50 454 4817 3372
used
No. refined 3280 3340 300
parameters
R/Rw(I/o(I)> 0.0756 / 0.0924 0.0429/0.0612 0.0444/0.0998
2)*
S* 1.395 1.066 /
Apmax / Apmin (€7 +1.52/-1.57 +1.69/-0.63 +1.48/-1.16
_A-3)*
Absorption multi-scan analytical multi-scan
correction

*The definitions of the parameters can be found in Table A3.

The above results show that the structures of [Ln1], [Lnz] and [Lno] are not affected by the
Eu/Tb/Y ratio. However, the different ligands have an impact on the nuclearity of the Ln
complex. By adding bulky ligands such as [phen], the formation of the complex with a small
nuclearity is favoured. The structure of [Lnz] [Ln2(x-OMe)2(tfa)s(phen)z] has not been found
in the reports published by now, furthers studies on the impact of the ligand [tfa] on the
nuclearity and structure of the Ln complex should be considered. We noted that during the
synthesis, the ligand/Ln®" ratio has not been modified in this work, the influence of the

ligand/Ln®" ratio on the structure should also be studied in the future.
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3) Dispersion of Ln in the crystal

To determine the distribution of Ln in various complexes, the complexes [Lny], [Ln2] and
[Lno] at the composition [Euo1sThoss] are analyzed by EDX. As shown in Figure 2.18,
respectively, the dispersion of Ln in the complex [Lni], [Ln2] and [Lng] complex at
[Euo.15Thogs] is homogeneous in the point-by-point analysis. Compared with the theoretical
value of the Eu/Tb ratio at 0.17, the measured Eu/Tb ratio of the [Lni], [Ln2] and [Lng]
complexes are 0.13, 0.20 and 0.20, respectively (Figure 2.18). The measurements are
considered accurate because the Eu concentration is too low compared to other elements in the
molecule.

Tb Lal Eu Lal

0.2 mol %

3.9 mol %

10pm 10pm ’

Figure 2.18: EDX analysis of complexes [Ln1], [Lnz] and [Lne] with composition
[Euo.15Thogs]: SEM image, associated elemental mapping of terbium and europium.

In the case of the yttrium-containing [Ln1] complex, EDX analysis was carried out for the
complex with the composition [Euo.01Tho.20Y0.79]. Figure 2.19 shows that the dispersion of the
elements yttrium and terbium is homogenous; europium is not detectable at low
concentrations. The global ratio of Tb/Y is 0.30, whereas the theoretical value is 0.25. The
difference may be due to the Yttrium is highly hydroscopic, which can affect the accuracy of
the EDX measurement.
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Figure 2.19: EDX analysis of the [Ln1] [Euo.01Tbo2Y0.79] complex: SEM image, associated
elemental mapping of Yttrium and Terbium.

Regarding the photoluminescent properties of the Ln** complex, varying the nuclearity
may provide substantial interests in the modulation of Ln®*-Ln3* energy transfer by varying
the Ln%*-Ln%* distance. The presence of organic ligands (phen, acac and tfa) should optimize
the emission of the complex through the antenna effect,#6>7.77.67.70-76 \whijle the interionic
distance between Ln%*-Ln*" is less than 10 A (Table Ald). Therefore, efficient absorption by
the ligand to excite the Ln®" emitter should be observed, and energy transfer between Th®*-
Eu®* should be allowed in the system.>*%! In chapter 4, the photoluminescent properties of the
Ln complexes, [Lni], [Ln2] and [Lng] will be discussed, particularly with respect to their
pressure-dependent photoluminescence.

2.4.4 Suspension of [Ln;] [Eupo1Tho20Y0.79] complex

The synthesized crystals of the [Ln1] complex at [Euo.01Tbo.20Y0.79] are softly grinded into
a fine powder, then dispersed in the lubricant (Nycobase 5750) at 0.1, 0.5 and 1.0 wt.% for
further analysis. The suspensions are stirring with a bar magnet for 30 minutes to obtain a
homogenous dispersion.

1) Hydrodynamic size of Ln complex nanocrystals

As before, the hydrodynamic size of the nanocrystals (NCs) in the suspension was
measured by DLS. As shown in Figure 2.20, the measured hydrodynamic size of the NCs in
the suspension is less than 1 um, the NCs in the 0.1 and 0.5 wt.% suspensions are
monodispersed. The size of NCs in the 1.0 wt.% suspension falls into two populations, most
around 80 nm and others are at 615 nm. As the hydrodynamic sizes of the NCs are acceptable
for tribology measurements in fluid lubricant, the 1.0 wt.% proportion was selected to
optimize the quality of the spectral emission in further characterizations.
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Figure 2.20: DLS diagram of the [Ln1] [Euo.01Tbo20Y0.79] NCs suspension at 0.1, 0.5 and 1
wt.%.

2) Rheological properties

The viscosity of the colloidal suspension of NCs at 1.0 wt.% was analyzed by rheometer
with PP40 (gap at 0.2 mm), at different temperatures (293—353K, + 0.03K) and imposing a
shear rate (range between 1 to 10* s™). Pure Nycobase fluid is measured as a reference at the
same time, as shown in Figure 2.21 in the blue line. Up to 353K, the viscosity of the 1.0 wt.%
NCs suspension is identical to the viscosity of pure Nycobase, even at high shear rate (10* s2).
As previously mentioned in the GdVOs NPs suspension, shear-induced heating has been
observed at 293 K under high shear rate (> 2000 s™), resulting in a decrease in fluid
viscosity.? Note that the difference between the viscosity of pure Nycobase reported here in
Figure 2.21 and the one reported in Figure 2.10. Two different batches of the commercial
product were used. Dispersion of the NCs of the [Euo.01Tbo2Y0.79] complex at 1.0 wt.% has no
significant impact on the rheological properties of the lubricant. Optical characterizations of
the complexes and the NCs suspension will be presented in the following section.
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Figure 2.21: Viscosity of 1.0 wt.% [Euo.01Tho2Y0.79] complex NCs suspension at 293 —
353 K under a shear rate of 1 - 10* s for NCs suspension (in triangle symbol) and pure
Nycobase (in line).

2.4.5 Outlook: incorporation of Ln complex in solid

The incorporation of the Ln®*" complex in a solid matrix, hybrid silica glass or PDMS will
be the next step of this work. However, the dissolution of Ln®*" complex in alcoholic solvent is
the main obstacle to the dispersion of the NCs of Ln complex into silica glass. The stability of
the NCs of Ln** complex into PDMS matrix is higher, the NCs/PDMS mixture will be further
characterized.

2.5 Conclusion

This chapter has provided the structural characterizations of PL sensors and the mechanical
analysis of PL sensors dispersed in matrices. Structural and mechanical characterizations of
GdVO4 NPs and NPs dispersed into matrices show the possibility of developing GdVO4 NPs
as PL nanosensor for further tribological measurements. The synthesized GdVOa4 NPs are well
crystallized in small size < 50 nm. However, the hydrodynamic size of the NPs dispersed in
suspension is slightly larger than expected, further surface functionalization can be studied to
reduce the dispersed size. Moreover, to optimize the crystallization of the NPs for the increase
in photoluminescent emission intensity, higher temperature is required for the annealing of the
NPs. Considering the condition of maintaining the small size of the NPs after annealing at
high temperature, further optimizations of the synthesis can be explored.®

Dispersion of the NPs is homogeneous with good monodispersity in the fluid lubricant, as
well as in the solid matrix. Moreover, it should be highlighted that dispersing the NPs at low
concentration in the fluid (0.5 wt.%) or in the solid matrices (5 wt.%) did not change the
physical and mechanical properties of the material. This result is crucial for further
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investigation of the optical properties of GdVOs4 NPs. In chapter 3, photoluminescent
properties of GdVOa4: Yb**/Er¥* will be presented, including their thermometry in different
media. The applicability of GdVOa.: Yb**/Er¥* NPs as a thermometer will be discussed,
considering the effect of laser, NPs concentrations and pressure.

Ln3* complexes of different nuclearities are later studied. Following the same synthesis, by
varying the ligands, [Lni], [Ln2] and [Lng] complexes are obtained with high purity and
homogeneity. The Ln®*-Ln®" distance ranges from 3 A to 8 A depending on the different
nuclearities. This Ln**-Ln®" distance can be very interesting for the energy transfer of Th®* to
Eu®* in PL studies. Following the Forster Resonance Energy Transfer (FRET) theory, the ET
rate is strongly dependent on the Ln®**-Ln®" distance. By designing a system involving Th®" to
Eu®* with ET rates sensitive to structural contraction induced by pressure, it would be possible
to create a pressure sensing system based on the relative emission intensity. The presence of
organic ligands creates the ‘Antenna effect’, resulting in enhanced emission intensity of Ln3*
ions within the complex. This phenomenon contributes to the study of the photoluminescent
properties of Ln®" complexes. In addition, the dispersion of Ln complexes in a fluid lubricant
is analyzed, demonstrating satisfactory hydrodynamic sizes of complex nanocrystals (NCs)
and favorable rheological properties of suspensions. These findings provide a solid basis for
further exploration of the photoluminescent properties of Ln®* complexes (chapter 4).
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Chapter 3:

Photoluminescent Lanthanide inorganic nanoparticles as
temperature sensor

The work presented in this chapter has been published in the following papers:
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Martini, M.; Midiladji Bakary, Y.; Journet, C.; Philippon, D. Er3+ Doped
Nanoparticles as Upconversion Thermometer Probe in Confined Fluids. Phys. Chem.
Chem. Phys. 2023. https://doi.org/10.1039/D3CP02218H.

B. Zhou, Y.; Ledoux, G.; Philippon, D.; Descartes, S.; Martini, M.; He, S.; Desroches, C.;
Fournier, D.; Journet, C.; Bois, L. Laser-Induced Heating in GdVO 4:Yb 3 +/Er 3 +
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3 Photoluminescent Lanthanide inorganic nanoparticles as
temperature sensor

3.1 Introduction

The luminescent intensity ratio (LIR) is well known as a self-referencing measurement
method. Er¥* has thermally coupled energy levels (?Hiiz and *Ssp) that are suitable for
temperature measurement in the 293-473 K range, with high sensitivity. The relatively small
gap between the energy levels (around 600-800 cm™) allows excited electrons to be thermally
promoted to the higher level. The proportion of thermally promoted electrons follows the
Boltzmann distribution, making it possible to calibrate the temperature by measuring the ratio
of the emission intensity of its two thermally coupled energy levels.

The structural analysis of GdVOa: Yb**/Er** nanoparticles (NPs) in the previous chapter
shows the preliminary conditions to apply the GdVOa4: Yb**/Er®* NPs as a thermo-sensor in
tribological measurements. When the NPs are dispersed in the matrix, the dispersion is
homogeneous and monodispersed. The dispersed sizes are suitable for tribological
measurement with appropriate spatial resolutions. Furthermore, the original rheological
properties of the fluid are not affected by the dispersed NPs at the concentration studied. The
above results confirm that GdVOa: Yb*/Er** NPs could be a satisfactory thermo-sensor.

This chapter first addresses the photoluminescent properties of GdVO4: Yb**/Er®* NPs, in
powder form. Under excitation via the upconversion (UC) process, spatial resolution and
measurement accuracy are optimized, because NIR light provides more penetration than
visible light, and the matrices can emit light under visible light excitation. However, the laser-
induced heating effect is well known in the UC process with continuous-wave NIR laser. We
therefore focus on the adverse thermal effects of lasers on Er®* ratiometric thermometry at
down and upconversion luminescence, under visible and NIR excitation, respectively. The
laser heating phenomenon in UC doped Er®* nanoparticles is first analyzed at different
temperatures and then calibrated as a function of the laser power density. We propose a
method to calculate the temperature difference induced by the thermal effect of the laser,
which can be used to compensate the difference caused by laser heating using UC Er®* doped
NPs.

Secondly, the applicability of the UC thermometer, Er®* doped NPs are studied in different
matrices. We focus on the effects of laser heating on UCNPs dispersed in a medium, fluid or
solid, to evaluate how heat dissipation influences temperature calibration measurements. The
thermal effect of laser on GdVOa: Yb**/Er®* NPs powder was studied with 488 nm and 970
nm excitation at different laser intensities and temperatures up to 300°C. GdVOa: Yb3*/Er®*
NPs are also dispersed in fluid and solid media at two NP concentrations. The experiments are
performed in the non-saturation regime of the NIR laser in order to maintain the 2-photon
ETU condition.

Last, thermometry of the NPs suspension is performed under high pressure (up to 1 GPa).
Very high pressure (up to 25 GPa) can cause variations in Er¥*- doped materials due to
structural change such as shortening of interionic distances, shifting energy levels. GdVOs is
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known to exhibit a phase transition from a zircon-like to a scheelite-like structure at 6.8 GPa,
this nanosensor should be used exclusively in a pressure range below 6 GPa.! Up to 6 GPa,
the pressure sensitivity of some fluorides doped with Er®* has been reported: variations in
lifetime, emission intensity and peak centroid. Nonetheless, pressure sensitivity up to 1 GPa
has not yet been reported by Ln-doped nanoparticles. The photoluminescent thermometry of
the dispersed GdVOa.: Yb**/Er** nano-sensor is characterized up to 423K. The effect of
pressure on the dispersed suspension of the GdVOa.: Yb**/Er®* nano-sensor is studied in a
diamond anvil cell (DAC) at pressures up to 1 GPa and at different temperatures.

3.2 Technologies and methods

3.2.1 Photoluminescent characterizations

For the optical characterizations, the absorption spectrum of the NPs powder was
acquired by LAMBDA 365 UV/Vis (Perkin Elmer) Spectrophotometer from 350 to 1100 nm,
in an integrating sphere. The emission spectra were obtained by a modular spectrofluorometer,
upon excitation of a continuous-wave NIR laser (970 nm, MDL-2W) focused on the sample to
a spot size of 4 mmz2. The spectrometer is equipped with a detector (CCD, Short Focal Length
Triple Grating Imaging Spectrographs, TRIAX 320 HORIBA) and an optical fiber. At
ambient pressure, the NPs powder was deposed on a silicon slice for better thermal transfer,
the fluid (Nycobase 5750) was poured into a sapphire bowl closed with a glass lid for the
emission acquisition. Data were collected after 10 s of temperature and laser stabilization,
from 293 to 573 K (each 5 K) for the powder and from 298 to 423 K (each 5 K) for the fluid.
The temperature was controlled by a thermo-cell (LINKAM Optical DSC600 cell). The
experimental set-up is shown in Scheme 3.1.

Laser density filter Optic filter Laser density filter
A
> / : =]
Monochromator' ' Mirror
Laser 970 nm Pulsed UV-visible laser
Thermo-cell cover
Thermo-cell Sample

Scheme 3.1: Experimental set-up for photoluminescent temperature calibration.

3.2.2 High-pressure measurements

Temperature calibrations under pressure were carried out using a high-pressure diamond
anvil cell (DAC), as shown in Figure 3.1, with a working hydrostatic pressure range up to 1.3
GPa in Nycobase. According to the method described in a previous work,? the DAC (MDAC
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type BHP for Biology 100° symmetrical aperture, Betsa) consists of a 1.4 mm culet diamond
anvil and a 0.4 mm thick diamond window, with a nickel gasket between them. The nickel
gasket thickness was about 0.2 mm and comprises a hole of 0.5 mm in diameter. The pressure
inside the DAC was increased and maintained in the cell by inflating an internal membrane
with helium. A heating ring (External Heating System, Betsa) was placed around the DAC for
temperature regulation. A thermocouple inserted next to the metal seal in the DAC was used
to measure the temperature of the sample with a precision of £ 1 K.

Diamond anvil
cell

Nickel gasket

Sample

NPs suspension
(h < 0.2mm)

Ruby microparticle

Position of excitation
laser spot

Ruby
(for pressure
measurement)

Nickel gaske

Figure 3.1: a) Full and cross-section view of the DAC. b) Scheme of the DAC. c¢) Optical
image of the sample during the under-pressure experiment.

During the experiments, a small amount of suspended sample (< 1uL) was introduced
into the hole in the seal. The hydrostatic pressure inside the DAC was determined by
introducing ruby microparticles (> 3um) as a pressure sensor for calibration using their
photoluminescent wavelength shift of the R1 line. These ruby microparticles were excited by
a continuous 460 nm laser (Scheme 3.2). The wavelength position of the emission spectrum
was referenced with an Argon lamp (Avalight-CAL-Mini,) with the peak at 696.54 nm. The
calibration of the hydrostatic pressure was based on previous literature.>* Based on previous
work,? the pressure uncertainty can be considered to be of the order of 30-50 MPa.
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Scheme 3.2: Experimental set-up of DAC-coupled to the spectrometer

3.2.3 Data processing

The thermometry of Er** doped materials has been analyzed by LIR theory. The
population ratio on two thermally coupled energy levels (N2 and Nii) varies with
temperature according to Equation 3.1. As the population of the energy level (N) is directly
proportional to the emitted intensities (1), the LIR also follows the Boltzmann distribution.

N 5 .I.r 5 Ty Ly Eﬂ - E ﬂE
12 _t2 _ §202%; ex,u[—( 2 J_:])z B exp(—

LIR =

NL, I, gi0y0
Equation 3. 1

In the Boltzmann Equation 3.1, N; denotes the population of excited ions, and I; is the
emitted intensity for a given level i. The pre-exponential constant B includes the gi, ci, wi,
which are the degeneracy, the emission cross section, and the angular frequency of transitions
for a given level i, respectively. AE is the energy gap between the two thermally coupled
energy levels, k is the Boltzmann constant, and T is the absolute temperature.®> AE can be
determined by the calibration curve of Ln(LIR) versus 1/T. Compared to the theoretical value,
this experimental value can be used to check the accuracy of the temperature value.

The emission band areas of the peaks were integrated by using Simpson‘s rule to calculate
the average of the total emitted intensities for each transition.® The Er®* emission spectra was
collected and then analyzed by MATLAB software. The integrated area ranges were 540 - 567
nm (L1: “Sz12 to *l1s12) and 512 - 540 nm (L2: 2Hi1/2to *l1s2) as Figure 3.2 shows.
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Figure 3.2: Peak surface integration: S2 (blue: 520 to 540 nm), S1(green: 540 to 560 nm).

The LIRs of the Er®" peaks (L1 and L2) were processed with Excel software for plotting
and data analysis. The intrinsic experimental uncertainty on the emission intensity (51/1) is
detector dependent and is mainly determined by the value of the signal-to-noise ratio (SNR).
The SNR of the CCD detector used in our measurement is stated by the manufacturer as
0.05% at best. However, the detector operates with more uncertainty and, therefore, the d1/I
values are always higher than the indicated intrinsic SNR. The SNR is estimated
experimentally for each spectrum by dividing the baseline spectral fluctuation by the peak
intensity (N2 and Np1). The experimental uncertainty is then determined by Equation 3.2.

S(LIR) _ | 8L, . oL,

R 3T,

| y
\
Equation 3. 2

In addition, the relative thermal sensitivity Sgr, defined by Equation 3.3, is also an
important indicator of the measurement reliability.’
1 _d(LIR) AE
RTLR AT kyT?

Equation 3. 3

3.3 GdVO: : Er¥*/Yb® nanoparticles powder as a thermometric sensor

3.3.1 Thermometry based on the Boltzmann distribution
1) Photoluminescent properties

In Figure 3.3a, the blue line shows the absorption spectrum of GdVO4: Yb**/Er®* NPs in
the wavelength range of 350-1100 nm. GdVOa: Yb*/Er®* NPs absorb NIR light (985 nm) and
some visible light. The green lines represent the emission spectra of GdVOa: Yb3*/Er®* (solid
line: under a 970 nm laser at 2.5 W/cm?, dashed line: under a 488 nm laser at 50 mW/cm?2).
Both spectra show strong bands in the green region, and some weak bands in the red emission

121



region.®® Comparing these emission spectra, the main Er®* transitions appear under both
excitations (970 nm or 488 nm): 525, 555 and 665 nm corresponding to 2Hi1/2, *Sa2 and *For
to the ground state respectively. The additional Er®* transition (?Hoz — “l132) has been
observed under continuous-wave laser excitation intensities above 10 W/cm? in recent
works.1*12 This emission peak can lead to temperature calibration errors as it overlaps with
the green luminescence used for thermometry (*Ss;2 — *l1512). Therefore, it has been carefully
checked and it has not been observed in our work.

As shown in Figure 3.3b, these two excitation mechanisms are different. Under the
excitation by a 488 nm laser, Er®* electrons are promoted to the *F7; state, and then decay into
the emitting states by non-radiative relaxation, called down-shifting (DS). Conversely, by
exciting at 970 nm, Er¥* can be excited by two-sequentially absorbed photons (Ground-state
absorption (GSA) and excited-state absorption (ESA), respectively shown in the black
arrow)** to the *F7;2 excited state and generates the same emissions,®>*8 this process was
afterward confirmed in our experiments. However, since the absorption effective cross section
of Yb3*in the NIR region (*F72 to Fs) is much larger than that of Er¥* (2lisiz to *l1ap), the
energy transfer between Yb®* and Er®* (the ETU process) will be the most important
process.'® It can also be noted that the existence of other cross-relaxations and of some back
energy transfer (BET) from erbium to ytterbium (Figure 3.3b).1"20-22 |n both excitation
processes, the non-radiative relaxations are larger in the UC process than in the DS process,
i.e. the quantum yield is lower.
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Figure 3.3: a) Absorption & emission spectra of the GdVO4:Yb3**/Er®* powder sample.
Inset: Photograph of the GdVO4:Yb3*/Er®* powder sample with a 980 nm handheld laser pen.
b) The UC process between Er** & Yb®*" under NIR excitation and the DS process under
direct excitation at 488 nm.
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2) Luminescent-intensity-ratio based thermometry

The temperature was calibrated up to 573 K with the NPs powder under NIR laser at 2.5
Wi/cmz2. As shown in Figure 3.4a, the population of the 2Hi1/; state increases while the *Ss
state decreases with increasing temperature according to the Boltzmann distribution,®? the
intensity of the peak centered at 530 nm increases while the peak centered at 550 nm
decreases with temperature. The ratiometric thermometry following the Boltzmann
distribution was proven by the temperature calibration, the LIR values varying with
temperature (Figure 3.4b). According to the Boltzmann equation (Equation 3.1), Ln (LIR) is
linearly proportional to 1/T up to 573 K, and more importantly, this variation is reversible.
The slopes calculated by the fitted trendline of the calibration curves are used to estimate the
energy gap (AE) in Equation 3.1.
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Figure 3.4: GdVO4:Yb**/Er®* powder upon NIR laser at 2.5 W/cm2: a) Emission spectra
at 293 — 573 K. b) Temperature calibration curve and fitted trendline equations, error bars
determined by uncertainty (Equation 3.2).

3) Impact of excitation source in thermometry

Assuming that laser-induced heating can impact the temperature measurement, the
influence of excitation source on the thermometry has been studied. In this section, the
excitations via UC and DS process are used, various laser intensities are also studied. When
excited by an unfocused 488 nm laser, two laser power densities are used: approximately at 50
mW/cm2 as the maximum density and at 5 m\W/cm? as the reduced density. For excitation by a
970 nm laser, eight different laser power densities are applied, ranging from 0.3 W/cm?2 to
15.8 W/cmz2. Under NIR excitation, the luminescent signals at 0.3 W/cm? are too weak to be
analyzed, so the temperature calibration was started at 1.3 W/cmz2. Under these conditions, we
avoid saturation of the intermediate upconversion levels, and the thermometry will only work
in a unsaturated excitation regime.?*

Figure 3.5 shows the emission spectra at 20°C via DS (Figure 3.5a) and UC (Figure 3.5b).
The emission intensity increases with the laser power density, which is related to the increase
in the electron population in the excited state of Er®*. There is no emergence of a new peak at
high laser power density; in particular, the 2Ho, — *l132 intruding emission from Er®* was
absent in the studied laser power density range. This phenomenon was considered as an
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important interference for the calculation of LIR.*232% In addition, it should be noted that the
resolution is different between the two excitation conditions due to the different detector
configuration, and the different range of laser intensities.
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Figure 3.5: a) Emission spectra of the GdVOa: Yb**/Er** powder sample under excitation
at 488 nm at full laser power density and at reduced laser power density. b) Emission spectra
of the GdVO4: Yb**/Er®* powder sample under excitation at 970 nm at 8 different laser
intensities (0.3-15.8 W/cm?). ¢) Temperature calibration under excitation at 488 nm at two
laser intensities. d) Temperature calibration under excitation at 970 nm at different laser
intensities.

In Figures 3.5c and 3.5d, Ln(LIR) is plotted as a function of the setpoint temperature
(named Tsetpoint), €ach calibration curve is linear and reversible in the temperature range
studied (20 — 300°C). It is observed that the calibration curves overlap in the DS system
(Figure 3.5c), while the intrinsic uncertainty of the curve at reduced laser intensity was
relatively large. It’s important to note that the reliability of the temperature calibration may
depend on the uncertainty, calibration at full laser power excitation should be more reliable.
On the other hand, the temperature calibration curves for the UC process change with laser
intensity, and the uncertainty decreases when laser intensity increases. (Figure 3.5d).

The laser power density influences the ratiometric thermometry in the UC system but not
in the DS system. The slope of the calibration curves can be used to calculate the inferred
energy difference (AELR) using the Boltzmann equation (Equation 3.1), and the AELR is
considered as an indicator of the reliability of the temperature measurement.’ If no laser effect
occurs, the value of AE should remain constant. In Table 3.1, the AELr calculated by the
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slope of temperature calibration curves via DS excitation is indeed remains constant when the
laser power density changes, whereas the AELr Of the UC system decreases as the laser power
density increases. The AELir values and the pre-exponential constant B were plotted as a
function of the laser intensity in Figure 3.6a. Since laser power density does not influence
either the ratiometric thermometry or the pre-exponential constant, for further comparison, the
AELr and B, calculated by DS at 50 mW/cm?, were set to 0 W/cm? (Figure 3.6a). Note that
the AELr for low NIR laser intensities is similar to the AEr of the DS system. For high NIR
laser intensities, it decreases when the laser power density increases. The B value decreases as
the laser density increases and it is explained by the fact that non-radiative process increases.'*
The relative sensitivities were calculated by using Equation 3.3, and it decreases with
increasing laser intensity (Figure 3.6b). It is assumed that this decrease is actually caused by
an increase in temperature.*®
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Figure 3.6: a) Energy gap AELr (blue marks) and pre-exponential constant B (green
marks) calculated from the calibration curves for each laser power density (DS series in
square marks (red and purple, respectively) at 0 W/cm? for comparison). b) Relative
sensitivity Sr at 20°C (setpoint temperature) for each laser intensity. c) Relationship between
the sum of A1+\. surface peaks and the laser intensity at 20°C and 300°C. d) LIR at different
laser intensities from 20°C to 300 °C under NIR laser, in comparison with the DS process (50
mW/cm? of 488 nm laser excitation) shown by the hollow dots.
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Table 3.1. Calculated energy gaps AELir from calibration curve

Excitation® 488 nm 970 nm

| Laser (W/cm?) 50.10°8 510% 1.3 25 6.8 7.0 9.7 135 158 9.7 135 158 9.7 135 158
Media Powder 0.5 wt.% in suspension | 5wt.% in glass
Slope® -880 -955  -848 -859 -737 -715 -641 -549 -301 -894 -924 -890 =771 -767  -789
B 9 11 11 12 11 11 10 9 8 11 12 11 7 7 8
AELR (cm) 612 663 589 597 512 497 445 382 209 622 642 618 536 533 548
Uncertainty (%) 2.7 61 61 19 05 04 03 03 03 303 200 192 354 148 104

SExcitation under 488 nm pulsed laser, or under 970 nm continuous laser.

“Slopes of the calibration curves, AE (energy gap determined by linear regression in
Figures 3.3c, 3.3d, 3.7a and 3.7b) and B (pre-exponential constant calculated by the curves)
for each temperature calibration curve (Equation 3.1).

4) Laser-induced heating in UC process

In two photons systems, the excited population increases quadratically with the laser
power density. The sum of peak surface S1 (peak N1: 540 to 560 nm) and S2 (peak N2: 520
to 540 nm) is integrated (Figure 3.2) and plotted as a function of the laser intensity (Figure
3.6¢). The slopes are around 2 at extreme temperatures (20°C and 300°C). Such behavior is a
crucial indication that the excitation system is always a 2-photons system in the studied
temperature range. Since the doped concentration of Er** is relatively low (2 mol%), the ETU
process from Yb3* to Er®* should be the most important mechanism under our conditions.
Furthermore, no new transition has been observed in the emission spectra and the calibration
curve is always linear up to the maximum laser power density studied, the non-saturation
regime of the excitation was also verified. Thus, the LIR value can only be affected by the
temperature variation.

The chart of LIR versus laser intensity at different temperatures (Figure 3.6d), shows that
the LIR values change not only with the temperature but also with the laser intensity. The
series of total laser power density per DS excitation are represented by the hollow markers at
0 W/cmz in the chart. The laser intensity does not change the temperature calibration in DS
system, i.e., in the case of temperature calibration at 488 nm, regardless of the laser power
density, the equation of the curve corresponds to the Boltzmann distribution (Equation 3.1).
On the other hand, the LIR value under UC excitation increases with the laser intensity for a
given temperature. As the LIR value is directly proportional to the temperature, it can be
assumed that the temperature increases with the laser intensity; the NIR laser heats the sample
during the temperature calibration measurements. It should be also noted that the induced
heating phenomena highly depends on the sensitizer content used.”26-28
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3.3.2 Self-calibration/correction of laser heating by thermometry

As shown previously in Figure 3.5c, the laser heating is negligible in the DS system, the
temperature calibration under 488 nm laser at 50 mW/cm? can therefore be considered as a
correct distribution corresponding to Boltzmann’s law (Equation 3.1). Therefore Equation 3.1
can be linearized under the form of Equation 3.4 using the logarithm function. Thus, the
constants of Equation 3.4 are determined using a linear regression on the curve (Figure 3.5c),
and this equation is used in the following as a reference.

(—880.36)
Ln(LIR) = 2.1844 + ———

LIR

Equation 3. 4

Equation 3.4 is then used to estimate the temperature of the sample measured by LIR
values (named Ty r) for various laser intensities and temperature setpoints for UC system.
Considering that only laser heating occurs in the previous experiments, it is therefore possible
to calculate the temperature change due to the contribution of the laser heating (named oT)
and set by the temperature controller as follows:

8T =Ty —T

Fetpoint

Equation 3. 5

These values were, as expected, positive because the measured temperatures (TLir) were
higher than the setpoint temperatures (Tsetpoint) during the calibration. 8T is plotted as a
function of Tsetpoint fOr different laser intensities (liaser) in Figure 3.7a for all LIR data collected
during the temperature calibration under NIR excitation. It varies with liaser and Tsetpoint. Tsetpoint
interferes slightly with 8T and this influence becomes more important as Tsetpoint iNCreases.
The low laser intensity series (1.3 W/cm? with hollow points) shows more fluctuations than
the others because of its relatively important uncertainty, so they were not taken in calculation
of laser heating correction. The curves of 6T versus ljaser fOr each Tsetpoint (20 - 300°C) are
plotted in Figure 3.7b. It can be observed that 8T is linearly proportional to liaser When Tsetpoint
is below 150°C. For a Tsetpoint above 150°C, linearity is only respected when the laser intensity
is higher than 5 W/cmz2. All slopes of curves are almost equal, however the intercepts increase
with T setpoint.

Assuming that the oT is totally caused by laser-induced heating, the relation between T
and Tsewoint IS consistent with the literature:?® the thermal effect of laser becomes more
important with increasing temperature, which has been explained by the fact that the
relaxation rate of the multiphonon increases with temperature, and thus the thermal effect of
the laser becomes more important at high temperature. Furthermore, the linearity of dT as a
function of liser is also consistent with Sun's et al. results which show linearity between the
laser induced heating and the laser power density used at room temperature.!’” The direct
proportion between the 6T and the liaser neating respects the fact that in the non-linear optics, the
laser-induced heat increases as the laser intensity increases.

The above information shows that the laser-induced heating temperature is affected by the
laser intensity. In order to correct the laser-induced heating temperature in thermometric
calibration, all the data collected from 20°C to 300°C for the laser intensity of 2.5-15.8 W/cm?
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were fitted by a polynomial regression model with multiple predictors (here liaser and Tpir) and
cross terms (here laser. TLIR) according to the following equation:

-

T + C3# Ty +Ca*1,

corracted

=C1+C2+#],

LEEar

+C5= Tfm TC6* Loy * Tpyp

asar

Equation 3. 6

where Tcorrected 1S the corrected temperature at a given laser intensity and for a given
measured temperature (Tur from LIR Equation 3.4). Tcorrected Were plotted according to the
Equation 3.6 (with constant values (C1-C5) gathered in Table 3.2) in Figure 3.7c. Figure 3.7¢c
shows that the corrected temperatures values (line) are in good agreement with the setpoint
temperature (symbols), with less than 5% of error. This observation confirms that the
proposed model is well adapted for the correction of the laser heating temperature. This result
is corroborated by Figure 3.5d where Tcorrected 1S drawn as a function of Teetpoint and where all
the data collapses on the line. It’s important to note that this calibration equation (Equation
3.6) could be applied for any correction of laser-induced heating, but the constant values
could vary slightly depending on the experimental conditions, such as the optical performance
of the thermos-sensor or the dispersed media, which will be further discussed in section 3.4.1.
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Figure 3.7: a) Estimated temperature induced by laser heating at different laser intensities
(1.3 —15.8 W/cm?) for regulated temperature from 20°C to 300 °C. b) Effect of temperature
on the estimated temperature of laser heating at different laser intensities. ¢) Corrected
temperature (Tcorrected) (line) at different estimated temperature (Tir) compared with setpoint
temperature (point). d) Application of correction module for laser heating temperature.



Table 3.2: Constant value in equation of laser-induced heating correction

T

corrected

=C1+C2+ rinsea' +C3+* TLIR +C4 = I?ﬂSEi' +C5+% TEJ’R +C6 * I!ﬂsea' * TLHE
Cl C2 C3 C4 C5 C6
Free powder -2.8348 -11.0246 0.7946 0.0572 -0.0003 0.0047

50 wt.% in PDMS 10.5742  -12.8556 0.7364 0.2888 0.0002 -0.0251

Previous observations show a great interest in the thermometry application of GdVOsu:
Yb**/Er** nanoparticles. The calibration of the laser heating becomes possible to correct the
laser-induced error, and then to precisely calibrate the GdVOas: Yb*/Er¥* nanoprobes in
thermometry measurements. Knowing that the laser-induced thermal effect occurs, and this
effect rises with environmental temperature, the correction of the laser heating is necessary for
upconversion probes to avoid any error in the temperature measurement. In addition, this
laser-induced heating temperature calibration method could also be used for some applications,
where upconversion NPs can be both the heater and the temperature sensor. Attention should
be paid to the structural change of the material caused by high laser-induced heating
temperature, it could reach 700°C upon laser intensity of 15.8 W/cm? and at environmental
temperature of 300°C. The GdVOs nanoparticles have been observed by Gavrilovié et al.*
that after calcination of 2 h at 800°C, their size has slightly increased, and their crystal phase
has not changed. Therefore, we do not expect for any structural transformation of the
nanoparticle under short time excitation by NIR laser. However, this temperature could cause
irreversible structural change in other nanoparticles.

We conclude that in the application of GdVOa: Yb**/Er** NPs as UC thermometer, laser-
induced heating could be avoided by using low laser intensity. Furthermore, the laser-induced
heating effect has not been observed under visible light excitation. However, for applications
as temperature sensors, NPs must be included at a given concentration in a given medium.
Using visible light can cause matrix emission, which affects the accuracy of photoluminescent
sensing by NPs. To reduce matrix emission and optimize spatial resolution, NIR laser
excitation is chosen.

3.4 Applicability in various medium

3.4.1 Laser heating in dispersed medium

Laser-induced heating can be affected by environmental conditions, such as, among others,
the chemical or physical impact of the medium, the concentration of the nanoprobes, the
optical compatibility of the medium. These effect can be critical to obtain correct temperature
measurement results.3! In the following, in order to determine the impact of environmental
factors on temperature calibration (including laser-induced heating), the GdVO4: Yb**/Er®*
nanoprobes were dispersed in three different media, one liquid and two solids, at different
concentrations. The dispersed media are optically transparent, showing negligible absorption
of NIR light compared to the NPs powder (Figure 3.8). Therefore, the NIR laser heating on
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the pure media is not considered in this study. The mixtures were excited by a NIR laser at
different intensities for temperature calibration.

NPs powder

L 60
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Figure 3.8: Absorbance spectra for the pure matrix (oil, glass, PDMS) and reflectance
spectra for the NPs powder in the range of NIR light.

1) Dispersion in a fluid medium at low concentration.

A low concentration suspension in oil at 0.5 wt.% of NPs was prepared. The emission
intensity is low due to the low concentration of the luminescent probe in the suspension
(Figure 3.9a), so the experimental uncertainty is quite large despite the relatively high laser
power density used. As with the NPs powder, the emission intensity increases as the laser
intensity increases, and the uncertainty becomes lower with higher laser intensity. However,
the temperature calibrations curves (Figure 3.10a) from 25°C to 150°C, are all superimposed
at various laser intensity (9.7 to 15.8 W/cm?). The integrated peak surface of S1 and S2 is
plotted as a function of laser intensity for the NPs suspension (Figure 3.9b). A linear
relationship with a slope of the curve close to 2 was observed, which is very similar to the
case of free NPs powder (Figure 3.6¢) which means that the excitation process is a UC
involving two-photons absorption. The LIR values only change with temperature but not with
laser intensity (Figure 3.9¢c), and the calculated energy gap (AELR) are similar at different
laser intensities (Table 3.1). Laser-induced heating is not observed in the 0.5 wt.% suspension
of NPs in oil.
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the laser intensity at studied temperature (25°C to 150°C). ¢) LIR at different laser intensities
at different setup temperatures (25°C to 150 °C).
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Figure 3.10: a) Temperature calibration of the suspension at 0.5 wt.% NPs. b)
Temperature calibration of the glass at 5 wt.% NPs.

2) Dispersion in a solid medium at low concentration.

Considering the dispersion capacity of NPs in the hybrid glass and PDMS, we used 5
wt. % of NPs to increase the emission intensity. The luminescence spectra of NPs dispersed in
the hybrid glass are shown in Figure 3.11a. The emission spectra are noisy, and the
experimental uncertainty is relatively high. In the temperature range from 25°C to 160°C, the
temperature calibration curves do not change, and the slope remains constant as the laser
intensity varies (Figure 3.10b & Table 3.1). Excitation is always a UC process with two-
photons absorption for all temperatures and laser intensities (Figure 3.11b), and the LIR is
held constant at constant temperature (Figure 3.11c). A simple comparison with 5 wt.% NPs
in PDMS is performed for two laser intensities (6.8 and 15.8 W/cm?) at 25°C. The LIR value
does not change with the laser intensity. The previous results are confirmed by the calculated
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AELr values (Table 3.1) for the 5 wt.% NPs in the hybrid glass: AE remains constant as the
laser intensity changes. Compared to other calibrations without laser heating effect, like the
calibration of 0.5 wt.% NPs suspension in oil and that of NPs powder under low laser
intensity (> 2.5 W/ cm?), the calibration of 5 wt. % NPs in solid shows a lower AE value. We
assume that this difference is caused by the slight laser-induced heating in the solid. However,
this heating did not change under different laser intensities up to 15.8 W/cm2. We can
conclude that the calibration curves were not interfered by the excitation laser intensity in the
5 wt.% NPs hybrid glass or PDMS in the temperature range [25°C — 160°C] and laser
intensity range [9.7 — 15.8 W/cm?].

o PO bA 47 .
Glass 5 wt.% NPs 15.8 Wiem? 9 45 Glass 5 wt.% NPs
13.5 Wiem? ‘g jod
9.7 W/iem? g 45 o.
44
102 5
g 43 -
& 5 42 pra o 2.0921x + 2.0772
= 3 41 . L .
£ |
d 0.90 1.00 1.10 1.20 1.30
el
E Log (I LSSE[)
> |l C. 35
£ H g'asz \pe 28°C 140°C ce0C e80°C
s 10“] l 3 |SW%NPS | 120 e 140°C o160°C
€ | ‘ 25 |poMs
| ‘ Il | x 2 |5wt%NPs x25°C
‘ =
f 15
| P T
| H 1 g
M
‘ 05
10° | A I i ikl o . : ;
515 520 525 530 535 540 545 550 555 560 565 0 5 10 15
Wavelength (nm) | Lager (W/em?)

Figure 3.11: Glass at 5 wt.% NPs: a) Emission spectra at different laser intensities. b)
Relationship between the average of the sum of the N1+N2 surface peaks and the laser
intensity at studied temperature (25°C to 160°C). ¢) LIR at different laser intensities at

different setup temperatures (25°C to 160 °C).

3) Dispersion in a medium at high concentration.

In the previous section, it was observed that for a low concentration dispersion of NPs in a
medium, solid or fluid, the influence of the excitation laser intensity can be neglected.
However, a decreasing concentration of NPs degrades the signal-to-noise ratio of the emission
spectrum, then the experimental accuracy. For our further study on temperature measurement
under tribological conditions, we need to increase the probe concentration to optimize
accuracy of measurement without being perturbed by laser-induced heating problems.
However, we noted that the dispersion of NPs at high concentrations in fluid lubricants has an
impact on the rheological properties of the fluid. Thus, a high concentration of NPs may be
advantageous for enhancing the accuracy of measurements in solid matrices. In this study, we
examined the effect of NPs concentrations on the laser-induced heating phenomenon in solid
media. Specifically, we investigated the maximum dispersion concentration of NPs in both
solid and fluid matrices for comparative analysis. The dispersion capacity of GdVOa:
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Yb*/Er¥* NPs in a sol-gel hybrid glass is not high. Thus, only the PDMS matrix is considered
in the following.

Using the same dispersion method, 50 wt.% of GdVOa: Yb**/Er®* NPs were dispersed in
oil and PDMS. When the concentration of NPs is extremely high, the oil suspension and the
solid completely lose their transparency. The emission intensity gets higher when the NPs
concentration is higher. The high concentrated materials can be excited under low laser power
density (1.3 W/cm?) (Figures 3.12a and 3.13a). However, Figures 3.12b and 3.13c show that
the LIR changes not only with temperature but also with laser intensity, for 50 wt.% in the
suspension and in the PDMS respectively, which was observed in a contrasting manner in
Figures 3.9c and 3.11c.

The temperature calibration curves are plotted in Figure 3.12c for the NPs suspension, for
the 50 wt.% NPs in oil at 2.5 W/cm? and for the 0.5 wt.% at 15.8 W/cm?. The slope of those
two curves is close to each other as well as the calculated AE_r. This observation shows that
in the suspension at high concentration of NPs, the laser heating could be overcome under low
laser intensity same performance as powder. In Figure 3.13b, the temperature calibration
curves for 50 wt.% of NPs in PDMS at different laser intensities are plotted. The laser heating
occurs after 2.5 W/cm?, the calculated AELir decreases with the laser intensity. As expected,
the materials at high NPs concentration react like NPs powder with respect to the laser heating
phenomenon.

As performed for free powder NPs, the Equation 3.5 was applied to correct the laser-
induced heating temperature (constant values see Table 3.2) on 50 wt.% NPs in PDMS
(Figure 3.13d). Compared to the regression model fitted for free powder of NPs, their
coefficients of liaser (C2), as well as TLir (C3) are nearly the same.

It’s important to note that some samples containing a high concentration of NPs were
destroyed by laser-induced overheating after the experiments. We observed significant
darkening on the surface of high concentrated PDMS after high laser density excitation. When
the laser intensity and temperature are high during calibration, the ambient temperature can
easily reach the flash point or melting point of the materials. However, without laser heating
calibration, it is difficult to estimate the Tiaser heating ON @ given liaser. TO avoid any unexpectable
sample damage, it is necessary to verify the laser heating phenomenon before any experiment
using UC nanoparticles as a sensor.
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We can conclude that the concentration of GdVOa.: Yb**/Er** NPs dispersion in the
medium has an impact on the laser heating phenomenon. The concentration of the NPs is a
critical parameter that decides whether laser heating occurs or not in the studied medium. In
our work, laser heating occurs when the NPs concentration is very high (50 wt.%) but not
when the concentration is low (0.5 wt.% in a fluid suspension and 5 wt.% in a hybrid glass or
PDMS). The laser-induced heating causes significant temperature calibration error and can
even destroy the material. Therefore, when GdVOa: Yb**/Er®* NPs are used in a medium as
thermometric nanoprobes, the phenomenon of laser-induced heating deserves to be studied
beforehand. Since laser heating can occur in all UC systems, experiments with UC
nanoprobes should pay attention to laser heating. In summary, by using the GdVO4: Yb3*/Er®*
NPs as UC nano sensor on temperature measurement, low concentration of NPs in medium or
low laser intensity should be used to avoid the error caused by laser-induced heating. To
optimize the UC emission, the high concentration of NPs dispersion could be applied only
with a laser-induced heating correction. Moreover, we noted that in dynamic contact for
tribological applications, temperature measurement by GdVOa: Yb**/Er** NPs should not
significantly be influenced by NIR-laser-induced heating. Heat dissipation becomes even
more important in dynamic fluid environments. Importantly, since GdVOa: Yb**/Er®* NPs are
exposed to a fixed laser, the duration of irradiation is too brief to cause significant heating of
the NPs in flowing lubricants.

3.4.2 Thermometry under varying pressure (NPs suspension)

For further application in tribology, the temperature measurement must be valid under
specific conditions, such as high pressure and high shear rates (up to 10°s™?). Pressure is one
of the key parameters that vary in tribological contact. In this section, we studied the effect of
a hydrostatic pressure up to 1 GPa (even if in mechanical contact higher pressure might be
reached) on the LIR thermometry of Er¥*doped nanoparticles. As the nano-sensor will be used
in a specific medium for further tribological measurements, the GdVO4:Yb*/Erd*
upconversion nano-sensor was dispersed in a lubricant. According to previous studies on the
laser heating effect, the 0.5 wt.% NPs suspension in Nycobase is selected for the pressure-
coupling thermometry studies. The photoluminescent thermometry of the NPs suspension was
studied under pressure (up to 1.1 GPa) in a DAC at every 20 K from 293 K to 353 K, under a
13.5 W/cm? NIR laser as in the previous experiments. Here the experiments were limited to
1.1 GPa because above this pressure, the pressure might be no more hydrostatic.>?

1) Impact of hydrostatic pressure on LIR

To study the effect of pressure on the LIR of NPs, two sets of data were collected in the
DAC under isothermal conditions. The first group, called Pconstant, IS @ repeated measurement
at the same temperature and pressure (the lowest pressure for the corresponding temperature).
The second group, called Pvarying IS a sequence of measurements at a given temperature for a
variable pressure. The emission spectra are presented in Figure 3.14a at varying temperature
and constant pressure (P = 0.6 GPa), showing that increasing temperature increases the
emission intensity of peak A, and decreases that of the peak Ai1. Conversely, Figure 3.14b
shows the negligible change in emission intensity under varying pressure at constant
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temperature. Therefore, at a hydrostatic pressure 0.6 GPa, the LIR always varies with
temperature, whereas at constant temperature, the LIR shows no sensitivity to pressure.
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Figure 3.14: GAVO4:Yb*'/Er** suspended at 0.5 wt.% in DAC upon NIR laser at 13.5
W/cmz2: a) Emission spectra at 293 — 353 K under 0.6 GPa; b) Emission spectra at 313 K
under 0.4 — 1.1 GPa.

2) Impact of hydrostatic pressure on peak shifting

The photoluminescent peak shift is always considered as a pressure-sensitive parameter.
Thus, the peak position (originally at 553 nm) has been verified under varying pressure at
different temperatures. As shown in Figure 3.15, at 333K, the corrected peak position shifts
slightly to higher wavelength, with 0.2 nm/GPa. This result agrees with the value reported in
the study of NaBiFs: Yb3/Er®* nanoparticles by Antoniak et al.,** who found that the
emission peak of the Sz — *l1512 transition shifts 0.17 nm/ GPa up to 14 GPa. Besides the
series at 333 K, the peak positions at other temperatures studied show an undetectable shift up
to 1 GPa. In the data processing, the LIR calculations are based on the integrated surface of
the emission peak, so the shift of the Er®* peak (< 0.2 nm/GPa) of the “Sz;2 — “*l15/2 transition
is not significant for the LIR calculation, as well as the other thermo-coupled peak (centered
at 530 nm). Therefore, the shift in the Er®* peak emission is not considered in the LIR-based
thermometry.
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Figure 3.15: GAVO4:Yb*'/Er** suspended at 0.5 wt.% in DAC upon NIR laser at 13.5
W/cmz, corrected position of Er®* emission peak (transition *Ssz — *l1s/2) under pressure at
different temperatures.

3) T-P coupling thermometry

According to the previous results, the LIR is sensitive to temperature but not pressure.
Therefore, temperature calibrations under varying pressure can be valid as under ambient
pressure. As shown in Figure 3.16a, the Ln(LIR) under Pconstant IS plotted by a hollow point for
each temperature, and the Ln(LIR) under Pvarying is plotted by a solid symbol for each
temperature as well. The LIR value under Pconstant and Pvarying d0 not change with increasing
pressure but only with temperature. An analysis of variance is conducted to conclude the
influence of pressure on the LIR variation. In Table 3.3, the variance (VAR) at Pconstant (here
the residual variance) and that at Pvarying (here the explained variance) are calculated for each
temperature. The uncertainties calculated by SNR of emission spectra are listed. The
VAR (Pvarying) is always lower than the VAR(Pconstant). This means that the distribution of the
LIR value is less dispersed when the pressure varies than when the pressure is constant. This
means that the pressure has no effect on the LIR variation. To confirm this result, the ratio
VAR (Pvarying)/ VAR (Pconstant) Was calculated and found to be less than 1. This result shows that
the slight change in the LIR value under isothermal conditions cannot be explained by the
variation in pressure. Then, the LIR value is independent of pressure (up to 1.1 GPa) in the
temperature range studied.
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Figure 3.16: GdVO4:Yb**/Er®* suspended at 0.5 wt.% upon NIR laser at 13.5 W/cm2: a)
Distribution of Ln(LIR) values at four temperature (293 to 353 K) under constant pressure
(hollow point) and pressure varying up to 1.1 GPa (solid point). b) Temperature calibration

curve and the fitted trendline equations under constant pressure (green) and pressure varying
(brown), error bars determined by the standard deviation of overall data.

Therefore, the thermometric validity of NPs suspended under pressure was investigated by
averaging Ln(LIR) under Pconstant a5 Well as Pvarying for each temperature. As shown in Figure
3.16b, the temperature calibration curve under Pconstant and Pvarying are both linear as a function
of 1/T and overlap with each other. The AEestimated DY their slopes are therefore very close, 624
and 605 cm respectively (Table 3.4). This observation confirmed that the LIR of suspended
NPs GdVO4:Yb**/Er®* is independent of pressure (up to 1GPa), and therefore the NPs are able
to measure temperature by their emission without any effect caused by pressure variation.

Table 3.3: The average of LIR and variance of LIR for each temperature in DAC.

P Constant P Varying
T(K) P(GPa) SNR(%) VAR P max (GPa) SNR(%) VAR VAR
ratio*
293 0.01 6.47 2.54E-03 0.61 6.48 6.30E-04 0.25
313 0.29 6.55 5.27E-04 1.08 5.97 5.00E-04 0.95
333 0.45 2.74 2.92E-04 0.99 4.22 2.81E-04 0.96
353 0.23 8.28 7.49E-03 1.02 3.47 4.06E-04 0.05

*VAR I’atIO the I'atIO Of VAR P Varying/ VAR P Constant

Table 3.4: The estimated energy gap (AE) and the uncertainty of temperature calibration

curves.
Y offset B Slope AEestimated SLIR/LIR (average)
NPs suspension 2.6395 14 -897.98 624 14.18%
(P Constant)
NPs suspension 2.5697 13 -870.38 605 12.84%

(P Varying)
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To summarize, if we compare the temperature calibration curve at the same laser pumping
power (13.5 W/cm?) of the 0.5 wt.% NPs suspension in our previous results (Table 3.1:
AEestimated = 642), the AEestimated Obtained by the slope of the calibration curve could be
considered as the same, which confirms the reliability of these NPs GdVOa: Yb*/Er®* for
temperature measurement under a pressure up to 1 GPa. The uncertainty of the measurement
depends on the intensity of the emission, the quantity of NPs in the suspension being much
less important than in the powder, the uncertainty has become important in the suspension. It
is important to note that the configuration of the optical experiments is different between the
temperature calibration under pressure in the DAC and at atmospheric pressure with a thermal
controller, which may imply differences in the illuminations and therefore uncertainty in the
emission intensity, and consequently in the LIR value. This may be the reason for a slight
shift in the constant B in the Boltzmann equation. However, once the AE is consistent with the
previous result, the GdVOa4: Yb**/Er®* NPs can be validated as thermometric and pressure
independent probe.

3.5 Conclusion and perspectives

This chapter presented the photoluminescent properties of GdVOa4: Yb**/Er** NPs. The
NPs provide accurate and reversible thermometry from 293 to 673 K under excitation by
visible blue light and NIR light. Under NIR laser excitation via the upconversion process, a
heating effect was observed from the laser during the emission of GdVOas: Yb3*/Erd*
nanoparticles powder. This effect became more significant with increasing laser intensity and
temperature. The photoluminescence properties of GdVOas: Yb**/Er®* nanoparticles in a
dispersed medium are also studied, their thermometry was still valid. The laser heating effect
is typically considered negligible at low concentrations, such as 0.5 wt.% and 5 wt.%.
However, it becomes significant at high concentrations (50 wt.%).

To optimize the accuracy of temperature measurement, the GdVOas: Yb**/Er®*
nanoparticles are excited by a high NIR laser intensity with the proposed laser-induced
heating temperature correction. With a given laser intensity, the correction can be achieved for
NPs in powder form and for NPs dispersed at high concentration in a solid. The above results
show that laser-induced heating has a crucial impact on the accuracy of temperature
measurement using the UC nano sensor. However, the use of GdVOa: Yb**/Er®* nanoparticles
as temperature sensors will provide a reliable measurement method as the laser-induced
heating can be corrected.

In order to apply NPs in frictional contact for temperature sensing, temperature calibration
was performed under hydrostatic pressure (up to 1.1 GPa) in a DAC. The suspension of NPs
in Nycobase was selected. The result confirmed the independence of the LIR from pressure,
and the calibration curve under variable pressure is superimposed on that under constant
pressure. Therefore, the incorporation of these GdVOi: Yb*/Er*" nanosensors into the
lubricant leads to the formation of a suspension that allows temperature measurement by the
LIR method without being disturbed by the influence of pressure.
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The next step is to verify the stability of GdVOa.: Yb**/Er** NPs as upconversion
thermometer under shearing. The shearing-temperature coupling temperature calibration of
GdVO4: Yb**/Er¥* NPs in a confined fluid under a high shear rate (10* s*) is now being
prepared. Then, the GdVOa.: Yb*/Er** NPs will be applied in an in situ tribological contact
for temperature sensing. The NPs will be inserted into fluid lubricants and solid matrices for
friction tests.

140



References

1) Marquefio, T.; Errandonea, D.; Pellicer-Porres, J.; Martinez-Garcia, D.; Santamaria-Pérez, D.; Mufioz, A.;
Rodriguez-Hernandez, P.; Mujica, A.; Radescu, S.; Achary, S. N.; Popescu, C.; Bettinelli, M. High-
Pressure Polymorphs of Gadolinium Orthovanadate: X-Ray Diffraction, Raman Spectroscopy, and Ab
Initio Calculations. Phys. Rev. B 2019, 100 (064106).

2 Seoudi, T.; Philippon, D.; Fillot, N.; Lafarge, L.; Devaux, N.; Mondelin, A.; Vergne, P. CdSe-Based
Quantum Dots as In Situ Pressure and Temperature Non-Intrusive Sensors in Elastohydrodynamic
Contacts. Tribol. Lett. 2020, 68 (3). https://doi.org/10.1007/s11249-020-01312-X.

3) Grasset, O. Calibration of the R Ruby Fluorescence Lines in the Pressure Range [0-1 GPa] and the
Temperature Range [250-300 K]. High Press. Res. 2001, 21 (3-4), 139-157.
https://doi.org/10.1080/08957950108201020.

4) Mao, H. K.; Xu, J.; Bell, P. M. Calibration of the Ruby Pressure Gauge to 800 Kbar under Quasi-
Hydrostatic Conditions. J. Geophys. Res. 1986, 91 (B5), 4673. https://doi.org/10.1029/jb091ib05p04673.

(5) Wade, S. A.; Collins, S. F.; Baxter, G. W. Fluorescence Intensity Ratio Technique for Optical Fiber
Point Temperature Sensing. J. Appl. Phys. 2003, 94 (8), 4743-4756. https://doi.org/10.1063/1.1606526.

(6) Rakov, N.; Maciel, G. S.; Xiao, M. Upconversion Fluorescence and Its Thermometric Sensitivity of
Er3+:Yb3+ Co-Doped SrF2 Powders Prepared by Combustion Synthesis. Electron. Mater. Lett. 2014, 10
(5), 985-989. https://doi.org/10.1007/s13391-014-4030-9.

@) Li, L.; Qin, F.; Zhou, Y.; Zheng, Y.; Zhao, H.; Zhang, Z. Approximate Energy Gaps, Dissimilar Relative
Thermal Sensitivities. Sensors Actuators, B Chem. 2018, 269, 203-209.
https://doi.org/10.1016/j.snb.2018.04.158.

(8) Perrella, R. V.; De Sousa Filho, P. C. High-Sensitivity Dual UV/NIR-Excited Luminescence
Thermometry by Rare Earth Vanadate Nanoparticles. Dalt. Trans. 2020, 49 (3), 911-922.
https://doi.org/10.1039/c9dt04308j.

9) Savchuk, O. A.; Carvajal, J. J.; Massons, J.; Cascales, C.; Aguil6, M.; Diaz, F. Novel Low-Cost,
Compact and Fast Signal Processing Sensor for Ratiometric Luminescent Nanothermometry. Sensors
Actuators, A Phys. 2016, 250, 87-95. https://doi.org/10.1016/j.sna.2016.08.031.

(10)  Sedlmeier, A.; Achatz, D. E.; Fischer, L. H.; Gorris, H. H.; Wolfbeis, O. S. Photon Upconverting
Nanoparticles for Luminescent Sensing of Temperature. Nanoscale 2012, 4 (22), 7090-7096.
https://doi.org/10.1039/c2nr32314a.

(11)  Quintanilla, M.; Henriksen-Lacey, M.; Renero-Lecuna, C.; Liz-Marzan, L. M. Challenges for Optical
Nanothermometry in Biological Environments. Chem. Soc. Rev. 2022, 51 (11), 4223-4242.
https://doi.org/10.1039/d2cs00069e.

(12)  Xia, X.; Volpi, A.; Roh, J. Y. D.; De Siena, M. C.; Gamelin, D. R.; Hehlen, M. P.; Pauzauskie, P. J. The
Impact of 2H9/2 — 4113/2 Emission from Er3+ lons on Ratiometric Optical Temperature Sensing with
Yb3+/Er3+ Co-Doped Upconversion Materials. J. Lumin. 2021, 236 (December 2020), 118006.
https://doi.org/10.1016/j.jlumin.2021.118006.

(13)  Martins, J. C.; Bastos, A. R. N.; Ferreira, R. A. S.; Wang, X.; Chen, G.; Carlos, L. D. Primary
Luminescent Nanothermometers for Temperature Measurements Reliability Assessment. Adv. Photonics
Res. 2021, 2 (5), 2000169. https://doi.org/10.1002/adpr.202000169.

(14)  Bhiri, N. M.; Dammak, M.; Aguil6, M.; Diaz, F.; Carvajal, J. J.; Pujol, M. C. Stokes and Anti-Stokes
Operating Conditions Dependent Luminescence Thermometric Performance of Er3+-Doped and Er3+,
Yb3+ Co-Doped GdVO4 Microparticles in the Non-Saturation Regime. J. Alloys Compd. 2020, 814.
https://doi.org/10.1016/j.jallcom.2019.152197.

(15)  Wujczyk, M.; Watras, A.; Szyszka, K.; Wiglusz, R. J. Influence of Vanadium Concentration on Up-
Conversion Luminescence in Er3+-Yb3+ and Tm3+-Yb3+ lons Pair Co-Doped YVxP1-x04 Solid
State Solution. J. Alloys Compd. 2021, 884, 161022. https://doi.org/10.1016/j.jallcom.2021.161022.

(16)  Buissette, V.; Huignard, A.; Gacoin, T.; Boilot, J. P.; Aschehoug, P.; Viana, B. Luminescence Properties
of YVO4:Ln (Ln = Nd, Yb, and Yb-Er) Nanoparticles. Surf. Sci. 2003, 532-535, 444-449.

141



(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

https://doi.org/10.1016/S0039-6028(03)00203-6.

Sun, J.; Zhang, Z.; Suo, H.; Chen, Y.; Xiang, J.; Guo, C. Temperature Self-Monitoring Photothermal
Nano-Particles of Er3+/Yb3+ Co-Doped Zircon-Tetragonal BiVO4. Ceram. Int. 2021, 47 (1), 409-415.
https://doi.org/10.1016/j.ceramint.2020.08.147.

Cho, Y.; Song, S. W.; Lim, S. Y.; Kim, J. H.; Park, C. R.; Kim, H. M. Spectral Evidence for Multi-
Pathway Contribution to the Upconversion Pathway in NaYF4:Yhb3+,Er3+ Phosphors. Phys. Chem.
Chem. Phys. 2017, 19 (10), 7326-7332. https://doi.org/10.1039/c7cp00048Kk.

Paz-Buclatin, F.; Rivera-Lépez, F.; Gonzélez, O.; Martin, I. R.; Martin, L. L.; Jovanovig¢, D. J.
GdVO4:Er3+/Yh3+ Nanocrystalline Powder as Fluorescence Temperature Sensor. Application to
Monitor the Temperature of an Electrical Component. Sensors Actuators, A Phys. 2019, 299.
https://doi.org/10.1016/j.sna.2019.111628.

Liu, J.; Deng, H.; Huang, Z.; Zhang, Y.; Chen, D.; Shao, Y. Phonon-Assisted Energy Back Transfer-
Induced Multicolor Upconversion Emission of Gd203:Yb3+/Er3+ Nanoparticles under near-Infrared
Excitation. Phys. Chem. Chem. Phys. 2015, 17 (23), 15412—-15418. https://doi.org/10.1039/c5¢cp01632K.

Li, T.; Guo, C.; Li, L. Up-Conversion Luminescence of Er*3+-Yb”3+ Co-Doped Caln_20_4. Opt.
Express 2013, 21 (15), 18281. https://doi.org/10.1364/0e.21.018281.

Oh, J. H.; Moon, B. K.; Choi, B. C.; Jeong, J. H.; Choi, H.; Kim, J. H. Reinterpretation of the Red
Emission Pathway in B-NaYF4:Yb3+, Er3+. Ceram. Int. 2017, 43 (2), 2517-2522.
https://doi.org/10.1016/j.ceramint.2016.11.053.

Jaque, D.; Vetrone, F. Luminescence Nanothermometry. Nanoscale 2012, 4 (15), 4301-4326.
https://doi.org/10.1039/c2nr30764b.

Marciniak, L.; Waszniewska, K.; Bednarkiewicz, A.; Hreniak, D.; Strek, W. Sensitivity of a
Nanocrystalline Luminescent Thermometer in High and Low Excitation Density Regimes. J. Phys. Chem.
C 2016, 120 (16), 8877—8882. https://doi.org/10.1021/acs.jpcc.6b01636.

Ruhl, P.; Wang, D.; Garwe, F.; Miller, R.; Haase, M.; Krdmer, K. W.; Paa, W.; Heintzmann, R.;
Heinemann, S. H.; Stafast, H. Notes on Thermometric Artefacts by Er3+ Luminescence Band
Interference. J. Lumin. 2021, 232 (December 2020), 18-21. https://doi.org/10.1016/j.jlumin.2020.117860.

Tikhomirov, V. K.; Driesen, K.; Rodriguez, V. D.; Gredin, P.; Mortier, M. Optical Nanoheater Based on
the Yb3+-Er3+ Co- Doped Nanoparticles V.K. Opt. Express 2009, 17 (14), 11794-11798.

Suo, H.; Zhao, X.; Zhang, Z.; Guo, C. Ultra-Sensitive Optical Nano-Thermometer LaPO4: Yb3+/Nd3+
Based on Thermo-Enhanced NIR-to-NIR Emissions. Chem. Eng. J. 2020, 389 (February), 124506.
https://doi.org/10.1016/j.cej.2020.124506.

Xu, S.; Xiang, S.; Zhang, Y.; Zhang, J.; Li, X.; Sun, J.; Cheng, L.; Chen, B. 808 Nm Laser Induced
Photothermal Effect on Sm3+/Nd3+ Doped NaY (WQO4)2 Microstructures. Sensors Actuators, B Chem.
2017, 240, 386-391. https://doi.org/10.1016/j.snb.2016.08.176.

Riseberg, L. A.; Moos, H. W. Multiphonon Orbit-Lattice Relaxation of Excited States of Rare-Earth lons
in Crystals. Phys. Rev. 1968, 174 (2), 429-438. https://doi.org/10.1103/PhysRev.174.429.

Gavrilovi¢, T. V.; Jovanovi¢, D. J.; Lojpur, V.; Drami¢anin, M. D. Multifunctional Eu3+- and
Er3+/Yb3+-Doped GdVO4 Nanoparticles Synthesized by Reverse Micelle Method. Sci. Rep. 2014, 4, 1-
9. https://doi.org/10.1038/srep04209.

Bednarkiewicz, A.; Marciniak, L.; Carlos, L. D.; Jaque, D. Standardizing Luminescence
Nanothermometry for Biomedical Applications. Nanoscale 2020, 12 (27), 14405-14421.
https://doi.org/10.1039/d0nr03568h.

Klotz, S.; Chervin, J. C.; Munsch, P.; Le Marchand, G. Hydrostatic Limits of 11 Pressure Transmitting
Media. J. Phys. D. Appl. Phys. 2009, 42 (7). https://doi.org/10.1088/0022-3727/42/7/075413.

Antoniak, M. A.; Zelewski, S. J.; Oliva, R.; Zak, A.; Kudrawiec, R.; Nyk, M. Combined Temperature
and Pressure Sensing Using Luminescent NaBiF4:Yb,Er Nanoparticles. ACS Appl. Nano Mater. 2020, 3
(5), 4209-4217. https://doi.org/10.1021/acsanm.0c00403.

142



Chapter 4:
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4 Photoluminescent Lanthanide complex as pressure sensor

4.1 Introduction

In recent decades, photoluminescent pressure sensors have received increasing attention in
applications of basic science technology and engineering,* 3 such as biology,** tribology, 1>1°
and optics.’’Among the numerous families of PL sensors, rare-earth based compounds are
among the most interesting to develop. Compared with other PL sensors, lanthanide-based
sensors are more reliable due to their long emission lifetime, sharp emission peak, low
toxicity, and high functionalizability. The photoluminescent pressure sensitivity is often
characterized by the shift in wavelength of the emission peak. When there are two or more
species in a system, the relationship between them, such as energy transfer (ET), can be
influenced by their distance from each other. Consequently, changes in pressure-induced
structural contraction can be indirectly monitored by observing the relative emission of these
species.

This chapter focuses on the photoluminescent pressure sensitivity of Ln complexes
specifically within the pressure range below 1 GPa. Compared to the pure inorganic host, the
coordination complex provides greater structural flexibility under pressure, resulting in greater
sensitivity. Three Ln complexes will be presented, with different nuclearities ([Ln1], [Ln2] and
[Lno]). The pressure sensitivity based on the shift of the emission peak of the Eu** complex
will first be discussed.

Later, a novel method to measure pressure will be proposed, by adding a Th®* emitting
sensitizer to the system, using the luminescent-intensity-ratio (LIR) of Tb/Eu to monitor the
variation in pressure. Pressure sensitivity based on LIR is impacted by the variation in Th-Eu
energy transfer and therefore by the change in their distance from each other. Consequently,
the impact of the structure, nuclearity and Ln-Ln distance of the complex on their pressure
sensitivity will be discussed. Among all the complexes, the [Lni] mononuclear complex was
characterized by lifetime measurements to determine the impact of Eu/Th compositions on the
efficiency of Tb-Eu ET. The O2-quenching phenomenon has also been analyzed. Then, the
[Lni] complex [Euoo1Tho20Yo0.79] was further characterized by its applicability as a pressure
sensor in tribological tests. The impact of temperature and shear rate on the LIR value will be
shown.

4.2 Technologies and methods

4.2.1 Photoluminescent characterizations

The photoluminescent properties were analyzed by a modular spectrofluorometer,
equipped with a pulsed multi-wavelength laser (EKSPLA NT230, 50 Hz). The laser spot was
non-focused to protect the sample from being destroyed under high-power light. The emission
spectra were obtained by a CCD detector (Newtonf EMCCD Camera, Andor), and the
excitation spectra and the lifetime measurements were performed by a PM detector (Photo-

145



multiplicator, Short Focal Length Triple Grating Imaging Spectrographs, TRIAX 320
HORIBA). The temperature variation was controlled by a thermo-cell (Optical DSC600 cell,
LINKAM), supported by liquid nitrogen flux for low temperature (< 293 K). Data were
collected after 10 s of temperature stabilization.

4.2.2 Emission spectra under pressure

Pressure calibration experiments (<1 GPa) were performed in a high-pressure DAC:
MDAC type BHP for Biology 100° symmetrical aperture, Betsa). The DAC was coupled with
a focused continued laser (405 nm) with a micron-scale rounded spot. The laser power was
measured in front of the diamond window, at around 0.5 mW. The emission signals were
collected and analyzed using a CCD detector (U1000 Horiba Jobin-Yvon Spectrometer) as
shown by the experimental set up in Figure 4.1. The mini crystals were dispersed in a solvent
(Nycobase 5750 or Squalane) as a hydrostatic pressure medium. Based on the previous work
at LaMCoS,* the DAC was equipped with a culet diamond anvil (1.4 mm), a thick diamond
window (0.4 mm), and a nickel gasket between them. This elastic gasket allows buffering of
the applied pressure and has a thickness of about 0.2 mm and is drilled with a 0.5 mm
diameter hole in the middle. An internal membrane inflated by N2 gas covers and closes the
DAC to apply pressure. The temperature was regulated by a heating ring (External Heating
System, Betsa) around the DAC, the inserted thermocouple was placed next to the metal
gasket in the DAC, which allows measurement of the sample temperature with a precision of
+1 K. A small volume of suspended sample (< 1 pL) was introduced into the gasket hole
during measurement, and several ruby microparticles (> 3 um) were introduced with as a tool
for internal pressure calibration. Data were collected after 20 min to ensure stabilization of
pressure and temperature. Based on literature,>'® upon 405 nm excitation, the commercial
ruby microparticles are used as a reliable pressure sensor by their photoluminescent
wavelength shift Ry (around 694.3 nm at ambient pressure). The spectral wavelength was
corrected by a Neon lamp (ORIEL 6032, Oriel Corp.) with a peak at 703.24 nm. More details
of DAC set up can be found in Chapter 3, section 3.2.2.

, Microscopiclens Dichroic mirror
| 10X/0.30 s
DAC
A
Laser 405 nm Neon lamp

Figure 4.1: Schematic description of pressure coupling spectrometer.
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4.2.3 Emission spectra under shearing

Photoluminescent spectra under shearing are acquired by a CCD detector (U1000 Horiba
Jobin-Yvon Spectrometer), coupling with a rheometer (Physica MCR301, Anton Paar) with a
parallel-plate geometry (PP40). The parameters are the same as the description in Chapter 2,
section 2.3.2. Based on the previous work at LaMCoS,° the suspension sample was deposited
on the glass plate, the volume of sample is 300 uL for every measurement. The emission
signals are collected by an objective at r = (2/3)R (R =20 mm) as shown in Figure 4.2. This
distance has been chosen because in the case of the parallel-plate geometry, the shear rate is
not constant along the radius. Actually, the shear rate and shear stress are increasing with the
radius. The mean value of shear stress, calculated by integrating the value all other the surface,
is approximately the local value calculated at (2/3)R. This is the main reason why the
measurements were done at (2/3)R.

Sample
(h = 0.2 mm)

Steel d|sc
Rotating \/ Glass plate

steel plate

Objective ,5 \

glass plate

Peltier
devices

0 R

Figure 4.2: Rheometer coupling spectrometer set up. (Figure from ref.°, thesis of T.
Seoudi in 2020)

4.2.4 LIR calculations

The LIR of the emission of Th3" and Eu®* were estimated by the integrated areas of the
spectral band to include the overall emitted intensities for each sublevel’s transition,?
calculated in the Simpson‘s rule MATLAB program. The integrated area ranges were 520—
560 nm (Tb®* emission) and 595-635 nm (Eu®* emission).

4.3 Peak-shift based manometry: [Eus(acac)is(us-OH)s(u-O)(u-OH)]

Due to the offset in energy levels induced by structural contraction and distortion, the
emission peak shift is one of the most classic variables in pressure sensing. In this section, the
pressure-dependent peak shift of the nonanuclear Europium complex will be studied.

4.3.1 Structural transition under pressure
As shown in Figure 4.3, the crystal structure of [Lng] [Eu], three asymmetric sites of Eu®*
are observed: the four Eu atoms consisting of the square base of the upper pyramid are named
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as Eu2, and the four Eu atoms on the bottom pyramid are Eu3; the central atom connecting the
two pyramids is named as Eul.

Figure 4.3: Structure of the [Lng] complex [Eug(acac)is(us-OH)s(us-O)(ua-OH)].

At 298K, the [Lng] [Eu] exhibits visible red light under laser excitation at 405 nm.
Electrons excited by the laser at 405 nm move to the excited state 5Lg of Eu*, while the ligand
[acac] can also be excited by the laser and then transfer energy to the °D; level (Scheme 4.1).
Emissions from the °Dy levels to the 'F1, 'F» and ‘Fs levels are shown in Figure 4.4a. The most
intense peak corresponds to the Do — ’F. transition is located between 615 to 635 nm,
splitting into four small peaks, and three of which form the multiplet peak centered at 620 nm
(Figure 4.4a). In the tetragonal structure, the transition °Do — "F2 splits into four sublevels.?
The transition °Do — ’F2 is considered to be hypersensitive to the Eu* environment,?:2* the
corresponding peak centered at 620 nm in the complex [Eug(acac)is(uz-OH)s(ua-O)(ua-OH)] is
considered as a possible variable.
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Scheme 4.1: Proposed excitation pathways under 405 nm laser excitation [Eug(acac)ie(us-
OH)s(us-0O)(us-OH)] complex. (ET: energy transfer; grey dotted arrows stand for nonradiative
relaxations; red arrows stand for emissions ).

The [Lno] complex was introduced into the DAC for the compression test and the crystals
were suspended in Squalane for hydrostatic pressure. At 293 K, the °Dg — ’F2 peak remains
stable below 550 MPa. At 550 MPa, the °Do — ’F> peak starts to deform, with two new peaks
centered at 612 nm and 623 nm appearing, illustrated as peaks A and B, respectively by the
blue arrows in Figure 4.4b. The appearance of peaks A and B under compression of the [Lno]
complex is permanent, and they persist after decompression. This deformation of the peak
shape can be ascribed to the structural distortion of the [Lng] complex under compression. The
variation in the crystal lattice under the effect of the increase in hydrostatic pressure leads to a
change in the structural symmetry of Eu®*, resulting in a shift in the energy level. The °Dg —
’F, peak shift of Eu®* under varying pressure bellow 0.7 GPa at 293 K has been reported in
cubic structural of CaF,.2° Furthermore, as the deformation of the original Do — ’F2 peak is
an addition of new peaks A and B, we assume that the symmetric environment is changed
only for part of Eu®". The intensity of peaks A and B increases rapidly with increasing
pressure after their appearance, and then remains unchanged afterwards. Consequently, peak
B is hidden when the intensity is weak, at 550 MPa, whereas the appearance of peak A is
significant.
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Figure 4.4: Emission spectra of [Eug(acac)is(p3-OH)s(us-O)(na-OH)] @) under ambient
pressure and b) under varying hydrostatic pressure in Squalane (Emission intensity is
normalized by the most intense peak, peak positions are not corrected by the intensity

reference).

To check that this transition does not depend on the fluid used, another hydrophilic
solvent, Nycobase 5750 is used. As shown in Figure 4.5, the appearance of peak A and peak
B (too weak to be seen) is observed at the same pressure, 550 MPa.
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Figure 4.5: Zoomed emission spectra of [Eug(acac)is(uz-OH)s(us-O)(us-OH)] at 550 MPa
in Nycobase (on top) and in Squalane (on the bottom) (Emission intensity is normalized by
the most intense peak, peak positions are not corrected by the intensity reference).
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4.3.2 Peak shift under pressure

The wavelength of the Eu* emission peak A from the Do — "F» transition is corrected by
a neon lamp, and then plotted as a function of hydrostatic pressure in Nycobase and in
Squalane, respectively, as shown in Figure 4.6. During the first cycle of pressure loading,
peak A appears at 550 MPa, and remains and shifts to the right of the spectrum. The pressure-
induced peak shift is highly reversible in both solvents at 293 K.

« 1st compression 2nd compression

610.98 - :
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Figure 4.6: Corrected position of the Eu®* peak A of [Eus(acac)is(psz-OH)s(pa-0)(us-OH)]
in Nycobase and in Squalane as a function of pressure.

The pressure calibration curves of the 2" compression are shown in Figure 4.7 for
Nycobase and Squalane. Peak positions vary linearly in direct proportion to pressure, with
greater sensitivity to pressure for Nycobase (0.1488 nm/GPa) than for Squalane (0.1184
nm/GPa). Such results are correlated with previous reports on the red shift under pressure of
Y203: Eud*.2226 The explanation of such behavior may be related to shielding effects of 4f
electrons by outer electrons of Eu®* The generally forbidden transition 4f-4f of Eu* is
allowed for the non-centrosymmetric structure due to the interaction of Eu®* with odd parity
crystal field. Consequently, the 4f-4f transition is highly sensitive to changes in the crystal
field. Pressure-induced structural variation in the crystal lattice leads to shifts in energy levels,
thus changes in emission properties as the shift of the emission peak.26:?

151



2" compression

L 0.94 nS y=0 488x+610.82
— . 1 | | y=0. X+ . ==
. )
.82 A
0.80 I ‘ I I I

Figure 4.7: Pressure calibration curves based on the position of the Eu* peak A of
[Eus(acac)is(us-OH)s(us-O)(us-OH)] in Nycobase and in Squalane, the trendline are estimated
by Excel.

The pressure sensibility of [Eus(acac)is(us-OH)s(us-O)(ps-OH)] based on the peak-shift
has been studied for the Do — ’F» transition. During the first cycle of pressure loading, a
deformation of the peak centered at 620 nm has been observed at 550 MPa, and this variation
is not reversible. The new peak centered at 610 nm shows a shift as a function of pressure.
The sensibility is slightly greater for Nycobase than for Squalane. However, in low-range
pressure measurements (up to 1 GPa), the sensibility should be enhanced. Moreover, by using
the peak shift as a variable in the in situ pressure sensing, the peak shift must be corrected by
a reference (see in the previous work in pressure sensing by CdSe-based QDs'®). More
importantly, this pressure sensitive peak shows up only after compression but not in the
original structure, which means that this material is not applicable to pressure sensing.

4.4 Tb*-Eu®* energy transfer in B-diketonate complexes

Knowing that the interionic distance strongly impacts the efficiency of Ln-Ln energy
transfer (ET), pressure-induced structural contraction can be monitored by variation in
emission properties. Th®" is a well-known sensitizer of Eu®* due to the strong match of the
energy level gap (°Ds— "Fs = "F1 — °D1).283 Furthermore, as the emission peaks of Th*" and
Eu®* are mostly distinct, it is possible to analyze their emissions separately. ET between Th3*-
Eu®* has been reported in [Lng] complex in previous studies.®® This section focuses on the
Th3-Eu®* ET process in Ln complexes. The impact of structures will be discussed in the
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different complexes [Ln1], [Ln2] and [Lng]. As the nuclearity of the complexes is different,
Th® and Eu®" ET can occur between molecules or within a single molecule.

4.4.1 Tb**-Eu®*ET mechanism

The pathways of Tb3*-Eu* ET are first analyzed by photoluminescent characterizations.
As a simple example, the [Ln1] complexes [Eu] and [Tb] are studied, which will be simplified
as [Eu] and [Th] in the following.

1) Spectral overlap and Th**-EU*ET

The emission spectra of the complex [Eu] and [Tb] under 365 nm excitation are shown in
Figure 4.8a, the emissions of Eu* from °Dy are at 574 nm (to ‘Fo), 580-590 nm (to ’F1), 600—
625 nm (to 'F2), and 695705 nm (to ‘F4). The emissions of Tb®* from °Dj are at 480-510 nm
(to ’Fs), 535-560 nm (to 'Fs), 575-600 nm (to ‘F4), 610-630 nm (to ’Fs), and 635-660 nm (to
’F,), respectively. The main intense peak of Eu®* (612 nm) is partially superimposed with one
emission peak of Th3 (615 nm). In Figure 4.8b, the emission spectrum of Tb3* is
superimposed on the excitation spectrum of Eu®* in its pure complex. The excitation spectrum
of Eu®* shows its main absorption: centered at 410 nm (“F2 to °Ds), 465 nm ("Fo to °Dy), 485
nm (“F2 to °Dy), 525 nm ("Fo to °D1), 535 nm (’F1 to °D1), 580 nm (“Fo to °Do), and 590 nm
("F1 1o °Dy).
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Figure 4.8: a) Emission spectra of [Eu(acac)s(phen)] in red and [Tb(acac)s(phen)] in blue,
with the main energy transitions (°Do (Eu®*) and from 5D (Th®*) written in red and in blue,
respectively). b) Overlay of the Tb3* emission spectrum (blue) with Eu®* excitation spectrum
of the emission at 612 nm, for °Do — "F transition (red line) in their pure complex, the
assignment of the corresponding transitions of Eu* (in red) and Tb®" (in blue), and the
overlap noted as transitions A, B, C1 and Ca.

In the emission spectrum of Tb3*, four main overlaps are observed. According to the

theory of Forster and Dexter,3"® these transitions centered at 486 nm, 540 nm, and 585 nm
could be considered as the main pathways for Th3*-Eu®* ETs at room temperature: °Ds — "Fs
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= 'Fp —°Dy, °Ds — 'Fs = 'F1— °Dy, and °Ds — F4 = "Fo (or 'F1) —°Dy, respectively. These
possible energy transfer pathways are denoted for simplicity as ET A, B, C1, and C> in the
proposed ET mechanism (Scheme 4.2).
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Scheme 4.2: Proposed energy transfer pathways under 405 nm laser excitation in the Ln
complex (Ln = Th, Eu). (ET: energy transfer; BET: Back energy transfer; grey dotted arrows
stand for nonradiative relaxations).

2) Temperature impact on Th3-Eu®* ET: Excitation spectra

The proposed mechanism of Tb*-Eu** ET should be confirmed by the excitation spectra
of the Ln complexes. The excitation spectra of Eu®* and Th®" are then analyzed at room (293
K) and at low (93 K) temperature in the complex at different Ln®*" concentrations to analyze
the impact of temperature on the Th**-Eu®* ET. As Eu®* electrons can be de-excited at low
temperature from 'F2 or ’F1 to 'Fo, the A or even B and C,, ET becomes impossible.

At room temperature, the [Eu] and [Th] complexes absorb energy from the organic ligand,
as shown by a broad excitation band (405-420 nm)**%° at the top of Figure 4.9a & 4.9b,
respectively. In the [Eu] complex, upon irradiation at 405 nm, electrons can be excited to the
°Lg level, but there are no excited levels at this position for the [Th] complex (Scheme 4.2).
Thus, after excitation at 405 nm, Eu* can be excited by the organic ligand to the °D; level*%°
or irradiation to level °Ls whereas Th®" can be excited only by the energy transferred from the
organic ligand (Scheme 4.2).4
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Figure 4.9: Excitation spectra of a) Eu®* (emission 612 nm for the transition °Do to 'F2)
and b) Th3* (emission 550 nm for the transition °Da to ’Fs) in their pure complexes, and in
[Euo.02Tho.ss(acac)s(phen)] and [Euo.o1 Tho.2Yo.79(acac)s(phen)] at 298 K and 93 K; The peak

distributions of Eu®* are presented in the table inserted. (The ‘Int. X N* stands for Normalized
intensity times, N)

By mixing Th®" and Eu®* in the [Lni] complex, the ET process can be visualized in the
excitation spectra. Two compositions [Euo.o2Tho.gg] and [Euo.o1Tho2Y079] of [Lni] complexes
are selected. The excitation spectra of the complexes [Euo.02Tho.gs] and [Euo.01Tho2Y0.79] are
shown in the middle and bottom of Figure 4.9, respectively. Here, compared to the [Eu]
complex, the presence of Th®" adds an intense absorption peak centered at 485 nm,
corresponding to the transition of Th** from Fs to °Da. However, the presence of Eu®" does
not have a significant impact on the Th®" excitation spectra, meaning that the BET of Eu®* to
Th® is negligible in this current complex.

The impact of temperature can be observed in the overall excitation spectra of the [Eu]
complex: the excitation intensity decreases considerably at 93 K compared to room
temperature, whereas the excitation pathways from level ‘F, disappear (peaks 3 and 7) as
expected. The same peaks also disappear in the [Euo.02Tho.os] and [Euo.01Tho.2Yo.79] complexes.
The absorption of the organic ligand toward Tb** decreases at 93 K (Figure 4.9b, top). The
effects of temperature on the Th-Eu ET can also be observed in the [Eug.o2Thogs] and
[Euo.01Tho2Yo79] complexes. The Tb* absorption (peaks 6, 8 and 9, in the violet line)
decreases significantly in the Eu®* excitation spectra at low temperature due to the reduction in
ET from Th®" (Figure 4.9a, middle and bottom). Furthermore, an increase in the overall
excitation intensity of Th®*, and more significant at 486 nm (Figure 4.9b) allows us to confirm
this deduction (Figure 4.9b, middle and bottom). Here, upon excitation at 405 nm, the cross-

155



relaxation of Tb®" is not considered, because the highest energy level reached by Tb*" through
the ET ligand will be the °D4 level. However, cross-relaxation of Eu®* should be observed
when the Eu concentration is high.?® However, these processes will not be problematic for our
future experiments given the low concentration of Eu in the complex.

4.4.2 Structural impacts on ET

Possible pathways of Th*-Eu®* ET were determined by the above photoluminescent
characterizations of the [Lni] complex. According to FRET theory, the distance dependence
of the ET rate is given by R®.4” For Ln**-Ln®" ET to occur, it is necessary for two Ln®" ions to
be in close proximity to each other, reaching a critical distance known as Ro. This critical
distance is defined as the point at which the probability of ET and spontaneous deactivation of
the ion donor starts to equalize. The Ro is generally 10 A in a dipole-dipole (Ln%*-Ln*") FRET
system. Consequently, the interionic distance is crucial for Th®* -Eu®* ET to occur in the Ln
complex. In this section, structural impacts will be discussed with the [Lni1], [Ln2] and [Lng]
complexes.

Under 405 nm excitation, the emission spectra of the [Lni], [Ln2] and [Lng] complexes of
composition [Euo.15Tboss] are shown in Figure 4.10. [The peak attributed to the Tb®* °Ds —
’Fs transition, at 535-560 nm is visible in the spectra of [Lni] and [Lng], whereas this peak is
too weak to be detected in the [Lnz] complex. The Eu®* peak from the transition at 610630
nm (°Do —'F») is intense in all complexes, but the peak shape is different due to the different
Eu®* symmetry sites in the complex.?! We noted that the emission intensity of [Lno] is smaller
than that of [Ln2] and [Lni]. The antenna effect is strongly dependent on the type of ligand,
which is assumed to be the reason for the difference in emission intensity of the complex.
Further analysis by quantum yield measurement is required to better understand this
phenomenon. Tb%-Eu®* ET has been observed in the [Lng] complex at a similar
composition,?3 and Tb3" -Eu®" ET has also been verified in other compositions of the [Ln;]
complex previously in section 4.4.1. The possibility to allow Th**-Eu** ET in the [Lni] at
different composition and in the [Ln2] complex will thus be discussed.

156



[Eug 15Thg 55]
T = 298 K; P ambient (Air) [Lni] [Ln;] = [Lng]
0
=
3
g
s
=
o
[11]
N
©
£
o
=
520 540 560 580 600 620 640

Wavelength (nm)
Figure 4.10: Emission spectra of [Ln1], [Ln2] and [Lng] complexes at composition
[Euo.15Thogs], shown in orange, grey and blue line respectively (Emission intensity is
normalized by the most intense peak).

The structures are presented in Figure 4.11, the nonanuclear complex Ln9, binuclear
complex [Lnz] and mononuclear complex [Lni]. The shortest intramolecular distance between
two Ln atoms is around 4 A in multinuclear complex, and the shortest intermolecular distance
is around 10 A in [Lno] and [Lnz], 8 A in [Ln1]. More information can be found in Chapter 2,
section 2.4.3 and in Table A2.
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Figure 4.11: Crystal structure of Ln complex [Lng], [Ln2] and [Ln1], only the Ln atom is
shown in ball styles for clarity; The entire structure can be found in Chapter 2.
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According to FRET theory, the distance dependence of the ET rate is given by R® in a
dipole-dipole system.3":34749 In [Ln,] and [Lno] complexes, the efficiency of Th3"-Eu®" ET
occurring in the intermolecular system is approximately 250 times less than that in the
intramolecular system. Consequently, when Tb3*-Eu** ET is allowed in the complex,
intermolecular ET may be negligible compared to intramolecular ET. However, in the
mononuclear complex [Lny], only intermolecular ET occurs.

Upon excitation at 405 nm, the organic ligands of Ln®** complex are activated, and the
electrons from the S; state then move to the T state by nonradiative relaxation or IC, for
further ET to Ln®*" (L-M). However, we assume that the distance between ligands is too great
for the -7t interaction to occur, and therefore there is no ET between the ligands in [Ln1] and
[Lnz] complexes.®**° As mentioned earlier in section 4.3.1, both Th®" and Eu®* accept the
transferred energy from the organic ligand to reach their excited state, Th®" to °D4 and Eu®* to
°Dy, respectively. Furthermore, Eu®*" can also be partially excited by laser irradiation at the
same wavelength. Subsequently, the excited electrons of Ln®" are deactivated by radiative
decay or by ET. The interaction between the ligand and the emitted center, here the Ln®",
enhances the Ln3" emission upon ligand excitation, which is usually called the ‘antenna
effect’. As previously observed, with 405 nm irradiation, the absorption from the ligand is
intense in the excitation process of Th®*" and Eu®". Considering the energy transfer between
Th3-Eu®* in the system, Eu** could thus be excited by a) direct irradiation with a 405-nm
laser, b) ligand-Eu®* ET, or ¢) Tb®*-Eu** ET. Furthermore, other nonradiative ET pathways
must also be considered.>!

Studies of the Tb®" -Eu®* ET process are divided into two parts: intramolecular ET in the
[Lng] and [Lnz] complexes, and intermolecular ET in the [Lni] complexes. As Th** -Eu®* ET
is allowed in the [Lng] complex, and the Th*" -Eu®" distance in the [Lnz] complex is similar to
that in the [Lng] complex, ET should also be allowed.?" 3847 Th** -Eu®* ET in the [Lnz]
complex will be characterized by excitation spectra. On the other hand, intermolecular ET
occurring in the [Lng] complex will be strongly impacted by the surrounding environment.
The other possible ET process between the ligand and Ln may interfere with the Th** -Eu®*
ET. Therefore, the discussions of intermolecular ET occurring in [Lni] complex address the
Th**/Eu®* ratio, the dilution by Y3 and the O,-quenching.

1) Intramolecular ET

Figure 4.12 shows the excitation spectra of the [Lnz] complex at different compositions.
Ligand excitation is observed between 405 and 445 nm in all excitation spectra. The
excitation peaks attributed to the "Fs to °Da transition of Tb*" and the ’F, to 5D transition of
Eu®* are shown in the spectrum of [EuosThos], so Eu®* can be excited by energy transferred
from the ligand and Th3*.
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Figure 4.12: Excitation spectra of [Lnz] complex at [Tb] shown in blue line (emission 550
nm for the transition °Da to ’Fs), at [Eu] and [EuosThos] shown in green and orange line
(emission 612 nm for the transition °Dg to ’F2) at 298K.

Figure 4.13 shows the emission spectra of [Ln2] complex at various compositions. The
intensity is normalized by the most intense peak. Emission of Eu®" from 610 to 630 nm is
intense, whereas the Th®" peak centered around 550 nm is too weak, only the one at
[Euoo1Thogs] can be observed. Because the distance between Th3*-Eu®* is small in [Ln;]
complex, the Th**-Eu®* ET is considerably efficient. The presence of Eu®*, even at small
concentration, significantly reduces the emission of Tb3*. Considering further applications
based on the relative emission intensity of Th®" and Eu®*, the concentration of Eu®* should be
small to optimize the accuracy of measurement, the composition at [Euo.01Tho.oo] is by far the
most adapted candidate.
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Figure 4.13: Emission spectra of [Lnz] complexes at [Euo.01Tbo.g9], [EUo.15Tho.g5] and
[Euos0Thoso] shown in yellow, green, and blue, respectively (Emission intensity is normalized
by the most intense peak).

2) Intermolecular ET in [Ln1] complex

The efficiency of intermolecular ET can be strongly impacted by parameters such as the
average distance between Ln®* ions and the interaction between the ligand and Ln** ions. In
this section, the influence of Ln®" compositions on the efficiency of Th**-Eu®* ET will be
studied. Moreover, the O2-quenching effect has been reported in the [Lni] complex [Th],>%
the influence of the presence of O, will also be discussed. However, characterizations by
excitation and emission spectra are not optimized to compare ET efficiency, so time-resolved
measurements of [Ln1] complexes are applied in the following.

- Intermolecular Th3-Eu®* ET with different composition [EuTb]

In Figure 4.14a and 4.14b, the lifetimes of Tb** and Eu®" are shown for different Eu®*
concentrations, respectively. The rise time of Tb®* has not been observed because the ligand-
Th® ET is too fast (in the nanoseconds range).3*>* However, a rise time of Eu®* is presented
in Figure 4.14b, thus besides the fast ligand-Eu®* ET, the Ln3*-Ln*" ET occurs with Eu®* as an
acceptor. At room temperature, interionic ET between Tb®" and Eu®* is an important
mechanism when the interionic distance is smaller than the critical distance Ro.2?° The
considerable reduction in the decay time of the Tb3* emission in complexes with Eu®*
indicates the transfer of energy from the D4 level of Th3 to excite Eu®* 31505 Figure 4.14a
shows that the decay time of Th** emission decreases with increasing Eu®* concentration,
corresponding to the same variation in Eu®" rise time (Figure 4.14b), which can be described
by the simplified model equation (Equation 4.1); 30:32:34.56-58
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Equation 4. 1

Where n and no are the number of electrons in the excited level at time t ant to,
respectively; t2 is the decay time from the upper level; n; presents the number of electrons in
the feeding level; and ty is the time for feeding this level. This model will be used to fit the
decay-time curves; the fitted curve is shown in Figure 4.15 for the complex [Euo.15Thogs] as
an example (Tb®* decay time t1 = 0.7907 ms; Eu®* decay time t, = 0.6068 ms). The fitted
decay time of Th** (transition °Ds—'Fs at 550 nm) and Eu®* (transition °Do—'F at 612 nm)
in their pure complex are 0.79 ms and 0.69 ms, respectively, which agree well with reported

values, 34960
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Figure 4.14: Lifetime measurements of a) Tb** and b) Eu®* in the complex [Ln1] [EuxTbi-
x(acac)z(phen)].

161



—t —t —t
a.) Int.=4109 X exp (r_ - 7160t) b.) Int.=2963x [exp{r—) —exp (r__ 71601?)]
1 2 1

10000 7, = 0.7907 ms T, = 0.6068 ms
* Th* decayin [Eug45Tbg 5] Eu* decayin [Eug 15Thg gs]
— Fitted curve — Fitted curve
— 1000
1]
‘=
=
g
&= 100
=
[7)]
c
&
= 10 .
un-.: * e
LN _ 1 BN )
GEEENEREn S & ¢ ¢ L] |
1 weo oo o
0 2 4 6 0 6

4

Time (ms) Time (ms)

Figure 4.15: Experimental curve and fitted curve of lifetime measurements of a) Th** and

b) Eu®" in the [Euo.15Tho.ss] complex in air, Th®" emission at 550 nm and Eu®* emission at 612
nm under 405 nm excitation.

Therefore, in a system with such a high concentration of Tb®* relative to Eu*, Th®-Eu®*
ET still occurs even if the concentration of Eu®"is low (0.5 mol%). It can be considered that
the doped Eu®" are always surrounded by their sensitizer (Th3*). Thus, the more Eu®" in the
complex, the more Tb** ions are deactivated by Eu®*, resulting in a decrease in Th®" decay
time with increasing Eu®* concentration. Furthermore, assuming that the proportion of excited
Th® ions via nonradiative relaxation is negligible, the rise time of Eu®* is equal to the Th%*
decay time, which corresponds to the feeding time of Eu* by Tb%*. However, the decay time
of Eu®" is not significantly influenced by the presence of Th*".

- Addition of yttrium as an optical diluent

The impact of the Y3* diluent on the Th*"-Eu®* ET was studied in different compositions.
First, lifetime measurements of Th®" of the complex were performed. As shown in Figure
4.16a, the Th* decay time of [Tb] is identical to that of [Tbo2Yos], and from 80 mol.% of Y3*,
increasing the dilution by Y3 leads to a decrease in the Th®" decay time. The decrease in Th3*
decay time has also previously been observed due to adding Eu®*, which has been assumed to
be an indicator of ET. As there is no ion acceptor in [ThyxY1x] complexes, Oz present in air
may be the main cause of the decrease in Th®* decay time, because the presence of O, disrupts
the ligand-Ln®" ET because Oz replaces Ln®" as an energy acceptor. When the O, molecule is
close enough to the ligand to activate energy quenching, rather than exciting Ln%*, the ligand
transfers energy to the triplet state of O2. This phenomenon is known as O. quenching in
ligand-excited phosphor.52%® Because of O quenching, the highly diluted (> 80 mol%)
complex shows significant reductions in the Tb3* decay time. As the Y3' concentration
increases, the Tb®" concentration decreases in the [ThxY1x] complex, and under ambient
pressure in air, the Oz quenching effect is greater at lower Th3* concentrations.
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Subsequently, 1 mol% Eu®* was added to the system, and the Th3* lifetime was measured
for the complexes [Euo.o1ThxYo.99-x], where x = 0.99, 0.20, 0.10, and 0.1. As shown in Figure
4.16b, adding 1 mol% Eu®* in the dilute system further decreases the Th®" decay time, besides
interfering with O2 quenching. The reduction in Th®" decay time is greater with increasing Y3*
concentration. The reason may be that the decrease in Th®* concentration makes Tbh**-Eu®" ET
more efficient, or when the O2-quenching effect is greater, or both. Therefore, to reduce the
O.-quenching effect, the sample was confined in a closed cell for 5 min of N> flow to
minimize the O2 concentration in the measurement environment. Lifetime measurements were
again performed for the complex at the same compositions under N2 flow. As shown in Figure
4.16c, in contrast to the previous measurement in air, the Th* decay curves under N are all
identical regardless of the Th®* concentration and are identical to the Th** decay curve in [Tb]
in air. This is because O2 quenching causes Th** decay time to decrease and the N> atmosphere
has reduced Oz quenching. Furthermore, when Oz quenching no longer disrupts the ligand-
Th*" interaction, Eu®*-induced decreases in Th** decay times are still observed, but they are
slightly lower than measurements in air (Figure 4.16d). Therefore, Oz quenching does not
affect the Tb3*-Eu®* ET in the complex.
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Figure 4.16: Lifetime measurements of Th®* in the [Ln1] [TbxY1-x(acac)s(phen)] complex
a). in air and c). under 1 atm Np; lifetime measurements of Tb3* in the [Euo.01TbxYo.99-
x(acac)s(phen)] complex b). in air and d). under 1 atm N2. (Excitation at 405 nm; Th emission
at 550 nm)

163



The change in atmosphere will not have a significant impact on the Eu®* decay time
regardless of the Eu®* concentration because Eu®* can also be excited by the 405 nm laser
(Scheme 1). As shown in Figure 4.17, even the Eud-decay time in [Euo.osY995] is identical to
that in [Eu], as expected. Furthermore, we noted in Figure 4.16a and 4.16c¢ that O»-quenching
interference was only significant at low Th®*" concentration (< 20%). To confirm this
hypothesis, the measurement of the lifetime of [EuxTbix], where x = 0.15; 0.02; 0.01; 0.005;
and 0O, in the N2 atmosphere was also performed (Figure 4.18) to complement the previous
measurement in Figure 4.14, which shows a negligible difference compared to the
measurement in the air. As expected, O, quenching has no significant effect on the undiluted
system [EuxTbi].
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Figure 4.17: Lifetime measurements of Eu®" in the [Ln1] [EuxY1-x] complex a) in air and b)
Under 1 atm N to eliminate O,-quenching, Eu®* emission at 612 nm under 405 nm excitation.
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Figure 4.18: Lifetime measurements of a) Th®" and b) Eu®* in the [Ln1] [EuxTbi]
complex under 1 atm N to eliminate O»-quenching.

In the Y3*-diluted system, it was found that Tb**-Eu®" ET still occurs even at low Th**
concentration, the reduction of Th3" decay time, and Eu®' rise time are observed in the
[Euo.01Tho.01Yogs] complex (Figure 4.16d and Figure 4.19, respectively). Therefore, Th**-Th3*
energy migration may play a critical role in highly dilute systems on the enhancement of Th**-
Eud* ET efficiency. Furthermore, increasing the concentration of Y3* decreases the Th®* decay
time (Figure 4.16d) and the Eu®* rise time (Figure 4.19), which theoretically stands for the
optimization of Th3*-Eu* ET efficiency. However, in this study, increasing the concentration
of Y3* leads to a reduction in the absolute emission intensity of Th® and Eu®. This
observation was not quantified using an emission intensity reference. Therefore, the decrease
in Th®* decay time and the Eu®' rise time may be caused by other quenching effects, but not
the increase in Th%"-Eu®" ET efficiency.
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Figure 4.19: Lifetime measurements of Eu®* in the [Ln1] [Euo.o1 TbxYo.99-x] complex under
1 atm N to eliminate O2-quenching.

In conclusion, dilution with Y3* induces a decrease in the Th®" concentration, which
makes the O»-quenching effect more significant, and leads to a reduction in the emission
intensity of Tb® and Eu®'. To date, dilution by Y3* has only a negative impact on the
photoluminescent emission of the complex. However, in such a highly concentrated Tb** or
Eu®* system, the concentration quenching phenomenon must be carefully considered.048:51
Dilution with optically neutral ions such as Y3* can improve the intensity of the emission due
to the protection of the emitter from concentration quenching.’® However, in the current
complex, the decay time of Th®" can be correctly measured even at high Tb®* concentration
(Figure 4.14a). Furthermore, dilution with Y** does not affect the Th3* decay time when O
quenching is eliminated (Figure 4.16¢). These results show that Th* concentration quenching
is not significant enough to be observed in the present system, probably because the samples
are well crystallized after synthesis, thus the structural defect may be negligible. Although the
Th® concentration quenching has not been observed so far, it should be a concern for further
pressure-sensing applications due to the possible pressure-induced structural defect. The
structural deformation of the [Th(acac)s(phen)] complex has been observed under mechanical
impact.%? Therefore, in Section 4.5, Y**-diluted complexes are studied, but only compositions
with a high Tb3* concentration (> 20 mol%) are considered to minimize interference from O
guenching.

4.5 Luminescent-intensity-based manometry

The luminescent-intensity-ratio (LIR), or relative emission intensity, is one of the most
widely used variables in optics. By calculating the ratio of two distinct emission intensities,
the LIR allows us to neglect any impact on the absolute intensity which might be difficult to
control in real measurement. If the interaction between two emissive levels can be influenced
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by the environment, such as temperature, interionic distance, or symmetry of the crystal
structure, the LIR reflects their response to environmental variation. Thus, the LIR is
considered as a popular variable in many sensing applications.

In the Th®" and Eu®" complex, the LIR of the Th**/Eu®* emission could be calculated by
its main peak; the Tb®* peak (at 530-550 nm, zone A) and the Eu** peak (600-630 nm, zone C)
as shown in Figure 4.20 with the emission spectra of [Lni] complex [Euo.o2Thogs] as the
example. Assuming that the dispersion of Ln®* is homogenous in the whole crystal, and all the
Eu®* are excited by energy from Tb**-Eu®" ET, the LIR represents the ratio of Th®* electrons
deactivated through radiative relaxation to those deactivated through Th3*-Eu®* ET. Therefore,
at room temperature, in a given complex at a given concentration of Th®" and Eu®*, the LIR
could be a parameter to quantify the amount of energy transferred from Th®" to Eu®". To
understand the impact of pressure on the Th-Eu ET process in the complex, the LIR is then
used as a reliable variable to quantify the Th**-Eu®* ET.
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Figure 4.20: Distribution of the emission peak in the complex [Euo.02Thogg(acac)s(phen)]:
A for °D4 to ’Fs (Tb*"), B for °Do to "Fog1 (Eu®") and °Da to ‘F4 (T3, C for °Dg to ‘F2 (Eu®)

and °Da4 to ’F3 (Tb**), D for °Dg to ‘F3 (Eu®") and °D4 to "F2&1 (Th®"), and F for °Do to 'F4
(Eu®h).

This section focuses on the pressure-induced variation on LIR, in order to explore the
potential LIR-based pressure sensor among the complexes [Lni1], [Lnz] and [Lng].

4.5.1 [Ln(acac)s(phen)]

First, to select the adapted composition of [Lni] complex, the influence of the Ln®*
concentration is studied. The LIR of Tb%/Eu® is plotted as a function of the Eu®*
concentration at room temperature (298 K), with different concentrations of Y** as the diluent
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in Figure 4.21. The LIR strongly depends on the Eu®" concentration: when the Eu®
concentration ranges between 0 and 5 mol%, the LIR decreases rapidly with increasing %Eu.
However, compared to the effect of Eu®* concentration, the diluent Y3* concentration has a
negligible impact on the LIR value. The conclusion is consistent with the previous results on
decay time.
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Figure 4.21: Calculated luminescent-intensity-ratio (LIR) at different compositions at 298
K with the estimated trend lines in the dotted line, the area of interest with 1 < LIR < 2.

According to the previous conclusion, at a given temperature, in the same composition as
Ln%*, the LIR depends on the efficiency of the Th®*-Eu®" ET process that occurred in the
system. Theoretically, the decrease in the interionic distance of Tb*-Eu®* leads to a
significant increase in the Th**-Eu®* ET rate based on the FRET theory,?3® and results in a
decrease in the LIR Th/Eu. Here, in the spectrum presenting both the Th** and Eu®* emission,
the Tb3*-Eu®* ET rate should be reflected by the LIR. For reliability, the Ln®" concentration
must be selected according to the suitable LIR value, which cannot be extremely large or
small to avoid the large uncertainty caused by the low emission intensity. Therefore, an area
of interest is chosen with a LIR value between 1 and 2 (Figure 4.21). Among the three
candidates, the compositions [Euoo2Thboos] and [Euo.01Thbo2Yo.79] were selected for further
analysis of structural variation. Crystals are compressed in a DAC, confined by a pure solvent
Squalane, under hydrostatic pressure up to 1000 MPa at 20 °C (293 K). The liquid-confined
medium of the crystal allows to eliminate the presence of O, thus protecting the crystal from
luminescence quenching.

As shown in Figure 4.22a and 4.22c, the emission intensity of Tb*" (A for the transition
D4 to ’Fs, at 550 nm) decreases whereas the intensity of Eu®* (C for the transition °Do to “F,
at 612 nm) increases with increasing applied pressure in both complexes. Because the
concentration and temperature remain constant during the measurement, the change in
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structure should be the only reason for the variation in the emission intensity. The cause of the
decrease in Tb* emission intensity with increasing pressure could be that the efficiency of the
Th3-Eu®* ET is optimized when shortening the Th3*-Eu®* distance.
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Figure 4.22: Emission spectra under hydrostatic pressure (in DAC) up to 1000 MPa for a)
[Euo.02Tho.os(acac)s(phen)] and c) [Euo.o1Tbo2Y0.79(acac)s(phen)], and their calibration curve of
calculated LIR as a function of pressure (MPa) in b) and d), respectively. (LIR values are the
averages of three subsequent measurements, the error bar is calculated by the standard
deviation).

Assuming that the overall crystal lattice is compressed under pressure, the molecular
volume should be reduced. This change results in the reduction of the intermolecular and
interatomic distance as well as in the modification of structural symmetry, thus in the
orientations of ligands (geometry, parallelism). All these structural variations lead to the
change in ET processes in the system. The structural impacts on each ET can rarely be
distinguished, due to the complexity of the ET system. Therefore, the same experience was
achieved with a physical mixture of pure Tb3 and Eu®** complexes. At 50 wt. % of each
complex, the emission spectrum shows both of their own emissions (Figure 4.23a), with LIR
= 0.65 at ambient pressure in the DAC. Up to 1000 MPa, no significant changes are observed
in the emission spectrum compared to that at ambient pressure, except for slight modifications
of the emission peak shape due to structural change in the complex. However, those changes
in emission peak can rarely be considered detectable and applicable for pressure sensing in
such low pressure ranges. As shown in Figure 4.23b, the LIR varies randomly with pressure
due to the inhomogeneity of the mixture. Upon focalized laser excitation, the laser spot is
relatively small (~um) whereas the DAC reduces its confined volume for compression, it is
difficult to remain in the same irradiation position during the measurement. Therefore, the
homogeneity of the composition has a significant impact on the LIR values, which can
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explain the uncertainty obtained in the LIR calibration under pressure (Figure 4.21 and 4.22d).
Furthermore, isolated Th3" and Eu®* complexes have a negligible response to pressure (<1000
MPa) on the LIR variation. This behavior in a physical mixture of pure Th® and Eu®
complexes shows that the decrease of the LIR under increasing pressure comes only from the
Th3-Eu®* interaction.
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Figure 4.23: a) Emission spectra under hydrostatic pressure (in DAC) up to 1030 MPa*
for a physical mixture of [Eu(acac)z(phen)] and [Tb(acac)s(phen)]. b) The calibration curve of
the calculated LIR as a function of pressure (MPa). (LIR values are the averages of three
subsequent measurements, the error bar is calculated by the standard deviation).

With the [Euoo2Thogs] complex, the LIR pressure sensitivity is higher than the
[Euo.01Tho2Y0.79] complex, resulting in a higher pressure sensitivity. However, the limits of
their pressure sensitivity are seen in the disappearance of the Th3* emission (approximately
700 MPa for both). We assumed this behavior occurs because the original LIR value is
different due to the different composition of the complex; and the limit at 700 MPa for
pressure sensing should be inherently decided by structural flexibility. Furthermore, in
contrast to the complex with Y3* as a diluent, the [Euo.02Tbo.ss] complex shows only partial
reversibility of the LIR under pressure up to 1000 MPa. This reversibility could be extremely
important for pressure measurement applications. Surface defects in the crystal or even slight
cracking of the crystal lattice caused by compression should not be forgotten. Furthermore,
structural defects may induce luminescence quenching of the Ln®* emitter. The mechanical
impact on the luminescent properties of the complex [Th(acac)s(phen)] has been reported as
triboluminescence.®? Moreover, the decrease in the intensity of Eu®*-complex under pressure-
induced structural contraction has also been observed, the authors assumed that is due to the
change in the probability of nonradiative relaxation.®® Here, the impact of defect quenching is
significant at the high Tb3*concentration complex, but not the other. We assume that the Y3*
diluents potentially make the Tb3" ions less trapped in structural defects, which would allow
for good reversibility of the LIR value under pressure. Therefore, the complex may lose its
reversibility after repeated compressions. Unfortunately, DAC experiments are limited to
three compressions for the same sample due to the elasticity of its nickel seal, and it is
difficult to collect the sample in extremely small quantities after compression. The
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determination of reproducibility should be further investigated in other compression
equipment.

4.5.2 [Lny(r-OMe)(tfa)4(phen),]

At 293K, the emission spectra of [Lnz] [Euo.01Thogo] under different hydrostatic pressure
in Squalane are presented in Figure 4.24a. Even at an extremely high concentration of Th%*,
the Th®" emission intensity is still low, resulting in a low value of LIR Th/Eu at ambient
pressure. In Figure 4.24b, the pressure calibration curve shows that increasing pressure causes
a slight decrease in LIR in the range of 60 — 600 MPa, but that the variation in LIR above 600
MPa becomes random and not reversible. The slight decrease in LIR with increasing pressure
is due to structural contraction, which induces a change in the Tb**-Eu®* ET. However, as the
Th3-Eu®* ET between two intramolecular ions is already efficient without pressure-induced
structural contraction, the variation in LIR is thus small. On the other hand, the ligand [z-
OMe] contending two Ln3* can hardly be modified by the applied pressure, so the distance
between them is not easy to shorten.
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Figure 4.24: a.) Emission spectra of [(Euo.o1 Tho.99)2(1-OMe)(tfa)a(phen).] under
hydrostatic pressure in Squalane (Emission intensity is normalized by the most intense peak)
and b.) the LIR curve as the function of pressure during compression and decompression
(Error bars are calculated by the standard deviation of three measurements).

Thus, the [Lnz] complex studied is by far not suitable for LIR-based pressure sensing due
to the highly efficient Th*"-Eu®" ET in the original structure. Nonetheless, the structure of the
binuclear Ln-complex could inspire further applications based on Ln®*"-Ln%" energy transfer.

4.5.3 [Lng(acac)is(us-OH)s(14-O)(14-OH)]

To optimize the accuracy of the measurement, it is preferable for the original LIR value to
be large. Therefore, the [Lng] complex of composition [Euo.os Tho.gs] was chosen. The emission
spectra of the [Lng] complex [EuoosThogs] are shown in Figure 4.25a as a function of
hydrostatic pressure in Squalane. The emission spectra are normalized by the intensity of the
Th% peak at 550 nm, only the increase in Eu®* emission intensity can be observed with

171



increasing pressure. As a result, the LIR decreases with increasing pressure in Figure 4.25b. In
addition, a significant change in the slope of the compression curve is remarked around 550
MPa, and above 600 MPa, the decrease in LIR becomes negligible. Moreover, the variation in
LIR is not reversible after compression up to 925 MPa. The significant decrease in LIR at 550
MPa can also be observed in the emission spectra in Figure 4.25a and in the zoomed spectra
Figure 4.26. This abrupt variation in LIR arises from the deformation of the Eu®* emission
peak, which has been discussed previously in section 4.3. This peak deformation substantially
interferes with the LIR calculation, as the integrated surface will be strongly increased.
However, peak fitting can solve this LIR uncertainty, but also complicates data processing.
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Figure 4.25: a.) Emission spectra of [(Euo.osTho.os)e(acac)1s(uz-OH)s(ps-O)(us-OH)] under
hydrostatic pressure in Squalane (Emission intensity is normalized by the most intense peak)
and b.) the LIR curve as the function of pressure during compression and decompression

(Error bars are calculated by the standard deviation of three measurements).
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4.5.4 Novel method for pressure sensing: LIR

Due to the remarkable impact of the compression on the Th**-Eu®* ET rate, the Tb**/Eu®*
LIR could be an optical tool to reflect a slight structural variation, which cannot be precisely
observed in structural analysis. Using the variation in photoluminescent properties to quantify
the slight change in structure at relatively low pressure of the material, the measurement is
non-contact, the spatial resolution is thus optimized. Compared with the most applied methods
based on the shift of the spectral peak for pressure detection, the LIR method considers the
overall transitions among electronic sublevels by integrating the peak area, which simplifies
data processing and thus optimizes measurement accuracy.

Among the different complexes, the [Ln1] complex at [Euo.01Tbo.20Y0.79] provides excellent
sensitivity and reliable reversibility to pressure, making it a potential LIR-based pressure
sensor. The applicability of this material in tribological measurements as a pressure sensor
will be discussed under varying conditions such as temperature, shear rate.

4.6 Potential pressure sensor in tribology

As LIR will be used as a variable to measure pressure in further tribological tests, the
impacts of other parameters on LIR values should be studied. Besides local pressure of
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contact zone in tribological measurements, local temperature and shear change all the time
with pressure. Thus, the impacts of temperature and shear on the LIR value of the Lnl
complex [Euo.01Tho20Y0.79] are studied in this section.

4.6.1 Impact of temperature

At pressures up to 700 MPa, the luminescent-intensity-ratio of T3 /Eu®" in the
[Euo.01Tho2Yo.79(acac)s(phen)] complex shows a remarkable sensitivity to pressure, and this
LIR variation induced by the change of the Tb3*-Eu®" interionic distance is reversible.
Therefore, the [Euo.o1Tho2Yo79(acac)s(phen)] complex can be a potential photoluminescent
pressure sensor. Given the use of LIR as a variable, pressure detection is independent of the
absolute intensity of emission. As the absolute intensity of emission is affected by the sensor
concentration and, the equipment parameter (laser density), the pressure detection is thus not
affected by them. However, many studies have highlighted the sensitivity of the Tb**/Eu%*
LIR to temperature,3%326485 ysually applied for thermometry sensor research. Furthermore, the
impact of temperature can be observed in Figure 4.21 and Figure 4.22d, where the LIR value
of [Euo.01Tho.2Y0.79(acac)s(phen)] under ambient pressure varies at different temperatures (298
K (Figure 4.21): LIR = 1.32; 293 K (Figure 4.22d): LIR = 1.46). Therefore, the influence of
temperature on pressure sensing of the [Euoo1Tho.2Yo7e(acac)s(phen)] complex should be
carefully studied.

Moreover, the prior condition to allow pressure sensitivity is to occur the To**/Eu®* ET in
the system, and the efficiency of Tb3*/Eu®" ET is strongly dependent on temperature in the
range below room temperature (293K). The lowest temperature allowed for Tb3*/Eu®* ET
should be studied. In this section, the impact of temperature on the LIR value and thus on the
pressure sensing mechanism will be studied.

1) T>293K

The temperature-induced variation of the Th*/Eu®" LIR is often due to the thermal
population of Eu®* electrons toward its upper level (‘F1or ‘F,). This results from the Th*'-
Eu* ET process where the high temperature favors ET from ’F,, which decreases the
emission intensity of Tb®" while increasing the emission intensity of Eu®*. Therefore, the
Th*/Eu® LIR decreases with increasing temperature. The probability of thermal-populated
electrons of Eu®* could be described by Boltzmann’s distribution.31%¢-% However, the
Th*/Eu®* LIR can also be influenced by the Tb3*-Eu®* ET rate, which can change with
temperature, especially at low temperatures. The complex temperature calibration was
conducted between 20 and 80 °C to avoid the sample from burning due to the high
temperature. A quasi-linear curve is observed up to 60 °C in Figure 4.27, following the
Boltzmann’s distribution, which agrees the results of other studies,®*? showing that
Eus*emission is temperature sensitive up to 60 °C.
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Figure 4.27: The [Euo.01Tho2Yo.79] complex under ambient pressure: a) Emission spectra
under 405 nm excitation at different temperatures, b) temperature calibration curve for the
luminescent intensity ratio (LIR) Th/Eu.

Temperature-induced variation of the LIR cannot be overlooked in the pressure detection
by the [Euo.01Tho2Yo.79(acac)z(phen)] complex. The isothermal pressure calibrations at four
temperatures are shown in Figure 4.28. The temperature calibration curve under constant
ambient pressure performed outside the DAC at the same temperatures was plotted to
compare the LIR values. Under ambient pressure, the LIR obtained by the complex measured
on a thermal plate for the temperature calibration is the same as those confined in the DAC for
the pressure calibration. A coupled effect between pressure and temperature on LIR is
observed (Figure 4.28). The LIR decreases with increasing pressure as before, but the slope
decreases with temperature. The thermal sensitivity of the LIR disappears after 60 °C, which
follows the temperature calibration curves, as shown previously. At increasing temperatures,
the limit of pressure sensitivity slightly decreases as the initial LIR decreases significantly
under ambient pressure.
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Figure 4.28: The variation of LIR in complex [Euo.01 Tbo.2Yo.79(acac)z(phen)] under
constant pressure (ambient pressure outside DAC) and under various pressures in isotherm
medium at 20 °C (293 K) in blue, 40 °C (313 K) in green, 60 °C (333 K) in orange, and 80 °C

(353 K) inred (in DAC).
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This result shows this material can be applied as a reliable pressure sensor in an
isothermal environment. The working temperature range is confirmed up to 80 °C, which is
limited by the relatively low stability of the organic complex at high temperatures. The
impacts of temperature on LIR values exist, but it can be easily corrected by a pre-calibration
of temperature. Although the pressure calibrated curves have not been accurately fitted so far
and further studies are required, it can be envisioned that numerous applications of highly
accurate pressure sensing by the Ln complex will be inspired by this study. Furthermore, as
the pressure sensitivity is more important at lower temperature, the minimum working
temperature for a pressure measurement can be low, as long as the temperature allows the
Th*-Eu®* ET to occur in the system under ambient pressure, which will be discussed in the
following.

2) T<293K

At a given composition, a low temperature perturbs the Th*-Eu®* ET process due to the
depopulation of the ’F, or ’Fy level of Eu®*. To clarify the impact of temperature on the Th®'-
Eud* ET system, a composition [Euoo1Tho2Y07g] Was chosen as an example. As shown in
Figure 4.29, the energy transferred from Th®" to Eu®* decreases considerably from room
temperature (298 K) to 93 K; therefore, the rise time of Eu®* disappears as the temperature
decreases. This observation correlates with the previous results of the Eu®* excitation
spectrum at 93 K. The depopulation of the upper level of Eu®* to the initial state eliminates the
Th3-Eu®* ET pathway: D4 — "Fg = 'F2 — °D2, °Ds — 'Fs = 'F1— °Dy, and °Ds— 'Fs = 'F4
— °Dg (ET A, B, and C; in Scheme 4.2, respectively). This causes a significant decrease in
the Th®*-Eu®" ET rate. Furthermore, the impact of temperature on the interaction rate between
the ligand and Th®" has been reported, showing that the rate of the ligand-Tb** ET decreases
with decreasing temperature.®®
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3 P ambient (Air)
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Figure 4.29: Decay time of °Do (Eu®*) in [Euo.o1Tbo2Yo.7e(acac)s(phen)] at different
temperatures. Insert: zoomed graph in the range of 0-0.5 ms (excitation at 486 nm; Eu3*
emission at 612 nm).
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In conclusion, the Tb®*-Eu®* ET is only allowed above 173 K in the [Lni] complex
[Euo.01Tho2Yo0.79], SO as the LIR-based pressure sensing process. Above 273 K, the impact of
temperature on Th*-Eu®* ET can rarely be observed by the lifetime measurements in Figure
4.29. However, the LIR-based temperature sensitivity has been observed above 175 K in
reported results.3? Combined with the previous results, the temperature-induced variation in
LIR can be corrected in the range below 333K. Consequently, the minimum working
temperature in pressure sensing is 173 K for [Euo.o1Tho.2Yo.79(acac)s(phen)] complex.

4.6.2 LIR-based shear rate sensitivity

The triboluminescent properties of [Th(acac)s(phen)]®? and [Eu(acac)s(phen)]®® complexes
have recently been reported. Friction-induced structural variations, including crystal fractures
and lattice defects, lead to luminescent emission in non-centrosymmetric solids. Therefore,
the variation in photoluminescent properties of [EuooiTbo20Yo079] under shear can be
significant and thus influence the LIR value for further pressure sensing under variable shear.
Hence, the complex crystals of [Euo.o1Tho20Y0.70] are finely ground and dispersed in the
lubricant. The lubricant chosen for the first experiments is Nycobase. Photoluminescent
emissions from the 1.0 wt.% suspension [Euo.o1Tbo20Y0.79] are collected during and after the
shear test, up to 1000 s at 293, 313, 333 and 353 K respectively. In the following part, the
[Euo.01Tbo.20Y0.79] powder in suspension at 1.0 wt.% will be named as the complex suspension.
In Figure 4.30, the normalized emission spectra of the complex suspension at 313 K during
the shear test, at a shear rate at 0 s*and 750 s, are shown respectively. Increasing the shear
rate induces a significant increase in the emission intensity of the Tb®* peak, at 550 nm.

[Eugo1Thga0Y079] powderin suspensionat 1.0 wt.%
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Figure 4.30: Emission spectra of [Euo.o1Tbo.20Y0.79(acac)s(phen)] suspension in Nycobase
during shear test (Emission intensity is normalized by the most intense peak).
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The Tbh/Eu LIR values are then plotted in Figure 4.31 for each temperature at different
shear rates. Besides the experiments at 353 K, the increase in LIR can be observed during the
high shear rate test (> 500 s) for each temperature, and this variation is slightly reduced once
the shear test is stopped. The difference in LIR between during and after the shear test under
high shear rate is very significant at 293 K and decreases with increasing temperature. A
maximum value of LIR for each temperature can still be observed at 750 s, and under higher
shear rate, the LIR decreases again with increasing shear rate. The experiment at 353 K is
different from the others (Figure 4.31d), and the LIR decreases during the shear test at a high
shear rate and remains the same after the shear test. The increase in Th®" emission intensity is
clearly observed by the increase in Tb/Eu LIR, the variation in Eu**emission intensity cannot
be determined whereas no intensity reference has been used in the experiments. However,
comparison of the absolute emission intensity is quite difficult as the concentration of the
complex is difficult to control under the dynamic conditions imposed by the shear test. The
increase in LIR can be due to the enhancement of Th3* emission intensity by shear-induced
triboluminescence, or to the decrease in Th-Eu ET in the system under shear. Preliminary
work shows interesting properties in LIR-based shear sensing applications of the [(Y, Tb,
Eu)(acac)s(phen)] complex, which may be completed by further studies, opening an avenue
for self-calibrated ratiometric photoluminescent shear sensors.
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Figure 4.31: LIR of [Euo.01Tho20Y0.79(acac)s(phen)] suspension in Nycobase at during and
after shearing test at a.) 293K; b.) 313K; c¢.) 333 K and d.) 353K.

Besides, it should be noted that compared to the LIR value of [Euoo1Tbo20Y079] at
ambient pressure and a shear rate of 0 s, the LIR at 293 K is larger (Figure 4.31a: 2.3; Figure
4.22d: 1.46). We assumed that the LIR value can be also influenced by the physical
environment and the state of dispersion, which will be discussed below.
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4.6.3 Impact of physical environment on LIR

A significant difference between the measured LIR values of the [Euo.o01Tho20Y0.79]
complex has been observed depending on the dispersion state of the complex. In order to
eliminate the impact of the nature of the solvent, the [Euo.01Tho20Y0.79] crystals are dispersed
in the same fluid as in the previous results: Nycobase. The emission spectrum of the ground
powder [Euo.o1 Tho.20Yo0.70] in air has also been carried out. Figure 4.32a shows the normalized
emission spectra of [Euoo1Tho20Y0.79] powder, crystal and 1.0 wt.% Nycobase suspension,
respectively. The LIR of the ground powder of [Euo.01Thbo20Y0.79] is larger than that of the
crystal: the crystal size has an impact on the LIR value (Figure 4.32b). At the micrometer
scale, large single crystals include less structural defect than small crystals, which means that
more Th*"-Eu®" ET can be allowed, leading to a decrease in the LIR value. Moreover, as
shown in Figure 4.32b, the LIR of the [Euoo1Tbo20Y0.79] crystal decreases slightly in the
suspension, while the LIR of the powder increases significantly in the suspension.
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Figure 4.32: a.) Emission spectra of [Euo.o1Tbo.20Y0.79(acac)s(phen)] in different forms at
298 K (Emission intensity is normalized by the peak at 612 nm) and b.) the LIR values.

7~ Powder

Assuming that the effect of light reflection and diffusion between the dispersed powder
and the dispersed crystal is negligible on the LIR value, the important increase in the LIR of
the suspended powder is due to the increase in the surface of the single crystals in suspension.
With increasing surface, the probability of Tb3*-Eu®* ET decreases, leading to an increase in
the LIR. In addition, O2-quenching can also decrease the LIR value. It has been observed that
the presence of O, affects the Th®" emission more than that of Eu®*, the reduction in Th**
emission intensity is more important. Energy transfer from Th®" to O is more efficient than
that from Eu®* as the energy level of Tb®* better matches that of 02.7%"* Dispersion in the
Nycobase can slightly reduce O2-quenching, which leads to an increase in the LIR. However,
the increase in LIR has not been observed in the suspended crystal, we assume that O-
quenching is more important in the powder because of the important particle surface.
Therefore, particles size has a significant impact on the probability of Th-Eu ET and thus on
the LIR value. Furthermore, the decrease in size can reduce the probability of Th-Eu ET,
leading to a reduction in pressure sensitivity.
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4.7 Conclusion and perspectives

This chapter showed the pressure-dependent photoluminescent properties of three types of
Ln complexes: mononuclear [Lni], binuclear [Ln2] and nonanuclear [Lno]. In order to explore
potential pressure sensors for tribological measurement, sensitivity to a relatively low range of
pressure [0-1 GPa] has been studied. In a DAC, hydrostatic pressure was applied to the
material. At 405 nm excitation, the Ln®" complexes are efficiently excited by the organic
ligands. The pressure-induced variation in the crystal structure leads to considerable change in
the photoluminescent properties of Tb®* and Eu®* in the complex, making the pressure
indirectly measurable by spectral variables.

First, pressure sensitivity based on peak-shift- has been reported by the [Lng] complex
[Lng(acac)is(ns-OH)s(us-0)(ms-OH)]. Structural variation induces a change in the Eu®*
symmetry site, leading to a shift in the emission peak. During the 1% cycle of pressure loading,
the structure is changed by compression at 550 MPa, the Eu®" emission peak of the °Do — 'F»
transition is permanently deformed. The peak centered at 610 nm after the deformation shifts
as a function of pressure, with around 0.15 nm/GPa in Nycobase and 0.12 nm/GPa in
Squalane. This peak shift is reversible up to 1 GPa in both solvents.

In the second part, the luminescent-intensity-ratio (LIR) based pressure sensitivity of Ln®*
complexes is discussed. By adding the Th** as the sensitizer in a Eu®* system, the ET process
varies with the structural contraction. The impact of structural change on the Tb3*-Eu®* ET
was investigated by compressing the complex in a DAC, following by the variation in LIR of
Th**/Eu®* emission. The Th*-Eu** ET is allowed in all the complexes even at low
concentration of Eu*. The efficiency of Th*-Eu®* ET is considerably efficient in the [Lng]
complex, making the emission of Tb** difficult to observe. Among three types of complexes,
the [Ln1] [Euo.o1Tbo2Yo.79(acac)s(phen)] complex shows a significant pressure sensitivity on
the Th**/Eu®* LIR up to 700 MPa. Dilution by Y** in the system affects the evolution of Tb**
emission under variation in hydrostatic pressure, so the variation in LIR induced by pressure
becomes reversible with dilution by Y3*.

For further application in tribological measurement, the temperature-induced variation on
the LIR is verified and can be corrected by temperature calibration for pressure measurement.
Moreover, low shear rate (< 500 s™) has no significant impact on the LIR of the complex
suspension. In addition, the physical environment can also influence the LIR, which should be
carefully considered in pressure sensing applications. The [Ln1] [Ln(acac)s(phen)] (Ln®* = Y3,
Th%, Eu®") complex can be a reliable photoluminescent (PL) sensor in pressure-sensing
applications in the range 0-700 MPa pressure, which is an important advance in short-range
PL pressure sensors.
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General Conclusion and Perspectives

This thesis exploits lanthanide-based materials to develop photoluminescent (PL) sensors
for the dynamic measurement of local temperature and pressure variations in tribological
contacts. Thanks to the long emission lifetimes and sharp emission peaks of the Ln* 4f-4f
transition, the measurements by Ln-based sensors are highly accurate and reliable.

The thesis addressed the need for self-monitoring sensing methods in dynamic
measurements for tribological applications, where system parameters change continuously.
The Luminescence Intensity Ratio (LIR) method is mainly studied in this work for
temperature and pressure sensing by Ln-based materials. Based on the Boltzmann distribution,
temperature sensing using PL sensors relies on the population ratios of thermally coupled
energy levels (TCLs) within the lanthanide-based material. Upconverting Yb**/Er®* doped
nanoparticles (NPs) are developed as an LIR-based thermometer. The high thermo-sensitivity
of Er®* emission from their TCLs (*Hi12 and “Ssp2) for the temperature range 293 — 473 K is
required for temperature measurements in tribology. In addition, a novel pressure sensitive
Th*/Eu®* complex based on LIR is presented in this work. This process relies on the
pressure-induced variation of the Tb3*-Eu* energy transfer (ET) rate following the Forster
Resonance Energy Transfer (FRET) theory. The ET rate between the Ln®*" donor and the Ln®*
acceptor is highly sensitive to changes in the distance between them, which can be influenced
by pressure-induced structural contraction in the material.

The thesis begins by focusing on the chemical synthesis of PL sensors and their structural
characterizations. This includes the study of incorporating PL sensors into fluid or solid
matrices. The Yb**/Er®* doped GdVOs NPs synthesized exhibit well-defined crystallinity in
small sizes (< 50 nm). However, the hydrodynamic size of the NPs in suspension is slightly
larger than expected, suggesting the need for further surface functionalization to reduce the
dispersed size. Nonetheless, the dispersion of NPs shows good homogeneity and
monodispersity in both fluid lubricants and solid matrices. Importantly, the low concentration
of NPs in fluid or solid matrices does not affect the physical and mechanical properties of the
material, which is crucial for investigating the optical properties of GdVO4 NPs.

In the following chapter, the photoluminescent properties of Yb3*/Er®* doped GdVO. NPs
are presented. These NPs demonstrate accurate and reversible thermometry within a
temperature range of 293 to 673 K under excitation by visible blue light and near-infrared
(NIR) light. During the upconversion excitation process of GdVOa4: Yb3*/Er®* NPs powder,
the NIR laser exhibits a heating effect, which becomes more important with increasing laser
intensity and temperature. Furthermore, the photoluminescent properties of GdVOa4: Yb*'/Er3*
NPs in a dispersed medium are investigated, and their thermometry capability remains reliable.
We noted that the laser heating effect is typically negligible at low concentrations (e.g., 0.5
wt.% and 5 wt.%), but becomes significant at higher concentrations (50 wt.%). To enhance
the temperature measurement accuracy, a laser-induced heating temperature correction
method is proposed which was successfully applied to both powder form and solid-dispersed
NPs. For temperature sensing in tribological contact, temperature calibration is conducted
under hydrostatic pressure up to 1.1 GPa within a diamond anvil cell (DAC) utilizing a
suspension of GdVOa4: YB3 /Er®* NPs in suspension of a lubricant (Nycobase 5750). The

187



outcomes verify the pressure independence of the LIR, and the temperature calibration curve
remains consistent under both variable and constant pressure conditions. This observation
indicates that incorporating GdVOa: Yb*/Er** nanosensors into the lubricant enables
temperature measurement using the LIR method, unaffected by changes in pressure.

The thesis also studied the exploration of Ln3* complexes with different nuclearities. By
manipulating the ligands, we successfully synthesized Tb3*/Eu®* based pB-diketonate
complexes with varying nuclearities, namely [Lni], [Lnz], and [Lno], exhibiting high purity
and homogeneity. These complexes exhibit Ln®*-Ln®*" distances ranging from 3 A to 8 A,
which hold significant relevance in energy transfer investigations among Tb** and Eu®" ions.
The coordination of organic ligands in Ln% complexes introduce an "Antenna effect,"
resulting in enhanced emission intensity of Ln®" ions within the complex. Additionally, we
analyzed the dispersion of Ln** complexes nanocrystals (NCs) in fluid lubricants,
demonstrating the attainment of favorable hydrodynamic sizes for the complex NCs and
desirable rheological properties of the suspensions. These important findings provide a solid
foundation for further explorations and investigations into the photoluminescent properties of
those complexes.

In Chapter 4, we focused on the pressure-dependent photoluminescent properties of those
Th**/Eu* based complexes: mononuclear [Lni], binuclear [Lnz], and nonanuclear [Lng]. The
aim is to explore their potential as pressure sensors for tribological measurements within a
relatively low-pressure range of 0-1 GPa. Hydrostatic pressure is applied to the complexes in
a diamond anvil cell (DAC), while excitation at 405 nm efficiently excites the Ln®* complexes
through the organic ligands due to the Antenna effect. First, in the complex [Eug(acac)1s0Hao],
pressure sensitivity based on peak-shift was demonstrated. Compression at 550 MPa induces
structural changes in the complex, resulting in a permanent deformation of the Eu®* emission
peak from the Do — ’F» transition at 610 nm. The peak shift as a function of pressure is
approximately 0.15 nm/GPa in Nycobase and 0.12 nm/GPa in Squalane. This peak shift is
reversible up to 1 GPa in both solvents.

Then, we introduced Th®" ions into the system to activate ET from Tb®" to Eu®*.
According to FRET theory, pressure-induced variation in the crystal structure of complexes
leads to significant changes in the photoluminescent properties of Th®" and Eu®" ions due to
the ET process, enabling indirect measurement of pressure through spectral variables. The
study explores the pressure sensitivity of Ln®*-complexes based on LIR. Prior spectral
characterizations proved the efficient ET from Tb®" to Eu®" in each complex even at low
concentrations of Eu®*. The impact of structural changes on the Tb3-Eu®* ET is then
investigated by compressing the complexes in a DAC, followed by analysis of the LIR
variation of the Tb3*/Eu®" emission. The [Lnz] complex demonstrates a particularly efficient
Th3-Eu®* ET, making Th*" emission difficult to observe. Among the three types of complexes,
the [Euo.01Tho.2Yo.79(acac)sphen] complex exhibits satisfactory pressure sensitivity on the LIR
up to 700 MPa. The presence of Y3* in the system influences the evolution of Th®" emission
under varying hydrostatic pressure, resulting in reversible LIR variation when diluted by Y?*.
To further enhance its application in tribological measurements, the study verifies the
temperature-induced variation of the LIR and proposes a temperature calibration for the
pressure measurement. Additionally, low shear rates (< 500 s*) have no significant impact on
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the LIR of the complex suspension. However, it is important to consider the influence of the
physical environment on the LIR in pressure sensing applications.

This thesis has achieved significant advancements in the development of highly sensitive
and reversible PL nanosensors for temperature and pressure measurement. The application of
GdVOa4: Yb*/Er** NPs as pressure-independent sensors has enabled accurate monitoring of
temperature variations in tribological contact. Moreover, the [Ln(acac)sphen] (Ln®*" = Y3,
Th*, Eu®) complex has been identified as a reliable PL sensor for pressure-sensing
applications within the range of 0-700 MPa, representing a significant breakthrough in short-
range PL pressure sensors.

Moving forward, the focus will be on exploring the stability of GdVOa: Yb*/Er®* NPs as
upconversion thermometers under shearing conditions. This will involve conducting
temperature calibration while subjecting the NPs to both shearing and temperature variations,
particularly at a high shear rate of 10* s™* within a confined fluid environment. The next step
will be to apply the GdVOa: Yb*/Er** NPs for temperature measurement in a tribometer,
starting with their use as a suspension in EHL contacts to enable in-situ temperature sensing.
Additionally, the pressure-sensing capabilities of the Tb3*/Eu®" complex will be further
investigated to enhance its thermal stability and reliability as a pressure sensor. The initial
investigation will focus on the pressure sensitivity of the Tb3*/Eu®* complex when
incorporated into solid bulk materials, specifically hybrid silica and PDMS, within a low-
pressure range of 170 MPa (limited by the properties of the solid matrices).
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Annexes

Table Ala: C-O bond lengths (A) in Ln complexes

Lnl Ln2 Ln9
C1-01 1.268(9) C3-02 1.405(7) C11-010 1.36(2)
C12-02 1.26(1) C33-04 1.255(8) C13-014 1.27(2)
C26-03 1.266(9) C7-06 1.25(1) C18-017 1.29(3)
C27-04 1.271(9) C9-010 1.24(1) C20-021 1.29(2)
C17-05 1.27(1) C35-036 1.237(8) C25-024 1.25(2)
C2-06 1.27(1) C27-028 1.28(2)
C32-031 1.24(3)
C34-035 1.32(2)
Table Alb: Ln-O bond lengths (A) in Ln complexes
Lnl Ln2 Ln9
Ln1-01 2.314(5) Ln1-02 2.296(3) Ln1-03 2.49
Ln1-02 2.333(5) Ln1-04 2.367(4) Ln1-O4 2.48
Ln1-O3 2.319(6) Ln1-06 2.397(4) Ln2-02 2.608
Ln1-O4 2.300(5) Ln1-036 2.347(4) Ln2-04 2.34(1)
Ln1-O5 2.314(5) Ln2-010 2.41(1)
Ln1-O6 2.331(5) Ln2-014 2.38(1)
Ln2-017 2.32(1)
Ln2-021 2.39(1)
Ln3-01 2.638
Ln3-03 2.35(1)
Ln3-024 2.36(1)
Ln3-028 2.34(1)
Ln3-031 2.37(1)
Ln3-035 2.48(1)

Table Alc: Ln-N bond lengths (A) in Ln complexes with ligand 1-10 phenanthroline

Lnl Ln2
Ln1-N1 2.565(6) Ln1-N14 2.602(4)
Ln1-N2 2.534(6) Ln1-N21 2.588(6)
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Table Ald: shortest Ln-Ln distances(A) in Ln complexes

Lnl Ln2 Ln9

Lnl-Lnl |8.003 | Lnl-Lnl 3.732 Ln2-Ln2/Ln3-Ln3 3.702

Lnl-Lnl1 |8.988 | Lnl-Lnl 9.294 Ln2/3-Lnl 3.783

Lnl-Lnl |9.414 | Lnl-Lnl 9.922 Ln2-Ln2/Ln3-Ln3 5.187

Lnl-Ln1 | 10.014 Ln2-Ln3 5.799
Ln2-Ln3 5.849
Ln2-Ln2/Ln3-Ln3 10.136

Table A2: [Euo.01Tho2Y0.79(acac)s(phen)]: Th/Y local environment.

SAPR-8 0.39715 TDD-8 2.27713 JBTPR-8 2.75255

BTPR-8 2.25836 JSD-8 5.04488

SAPR-8 : D4d, square antiprism; TDD-8 : D2d, triangular dodecahedron; JBTPR-8: C2v,
biaugmented trigonal prism J50; BTPR-8: C2v, biaugmented trigonal prism; JSD-8: D2d,
snub diphenoid J84

Table A3: Definitions of the parameters of crystalline refinements for Ln complexes (cf.
Table 2.6 in Chapter 2)

z Number of formula units in the unit cell

g (mm-) Absorption coefficient

R Residual factor for the reflections judged significantly intense and
included in the refinement.

Rw Residual factor for all reflections

S The least-squares goodness-of-fit parameter S' for all reflections after
the final cycle of least-squares refinement.

Apmax (e7.A3) The maximum residual electron density

Apmin (e".A3) The minimum residual electron density
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Abstract:

In this study, we present a reversible pressure-sensing material with high sensitivity.
Mixed B-diketonate complexes of Th® and Eu®* [(Ln)(acac)sphen] are synthesized with
phenanthroline as an ancillary ligand. The organic ligands provide the antenna effect to make
the Ln®" complex excitable at 405 nm. Eu®* emission results from efficient energy transfer
(ET) from Th®". At 405 nm excitation, the emission intensity of Th3" decreases whereas the
emission intensity of Eu®* increases with pressure, which makes this complex a potential
pressure sensor based on luminescent-intensity-ratio (LIR) up to 700 MPa. This Th**/Eu®*
complex can be applied for pressure sensing is then discussed in terms of measurement
conditions. The addition of the optical neutral ion Y3* to the system can reduce the impact of
pressure-induced structural defects on the emission, thus optimizing the reversibility of the
LIR variation as a function of pressure. Therefore, here a self-calibrating, reliable, and
reversible pressure-sensing material is proposed, with remarkable pressure sensitivity
compared to a peak shift-based pressure sensor.
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