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palavras-chave Água, anomalias, ligações de hidrogénio, termometria de luminescência, 

lantanídeos, converversão ascendente de energia 

Resumo Embora seja o líquido mais utilizado, a água é uma das substâncias mais 

intrigantes do planeta Terra. Isso ocorre porque, apesar de apresentar 

composição química e estrutura molecular simples, a água líquida revela um 

comportamento extraordinariamente complexo quando sujeita a variações de 

temperatura e pressão, o que a distingue de outros líquidos comumente 

utilizados. Essas anomalias no comportamento da água são facilmente 

observadas em condições de superarrefecimento, quando a água é arrefecida a 

temperaturas abaixo do seu ponto de congelamento, mantendo-se na fase 

líquida, e, revelando assim a existência de dois estados líquidos distintos. 

Apesar de considerada uma explicação notável para a ocorrência de suas 

propriedades anómalas, a coexistência desses dois estados líquidos da água é 

difícil de comprovar em condições normais de temperatura e pressão. Isso exige 

o desenvolvimento de novas abordagens experimentais para investigar as 

características peculiares da água que tornam a vida como conhecermos 

possível em nosso planeta. Dado que a transição entre as estruturas dos dois 

estados líquidos da água ocorre em nível local, é necessária então a utilização 

de técnicas capazes de observar as flutuações de eventos microscópicos.

Portanto, este trabalho de doutoramento emprega a técnica de termometria de 

luminescência como uma ferramenta poderosa para identificar flutuações entre 

dois tipos de organização de ligações de hidrogénio em moléculas de água 

dispostas ao redor da superfície de nanopartículas Brownianas. Os resultados 

obtidos revelam que, além de ser possível identificar domínios líquidos de baixa 

e alta densidade, o equilíbrio delicado entre a coexistência desses diferentes 

domínios de água é fortemente influenciado pelo tamanho das nanopartículas e 

pelo pH do meio aquoso, correspondendo, respetivamente, às variações de 

temperatura e pressão em um novo diagrama hipotético de fases da água 

proposto recentemente.



keywords Water, anomalies, hydrogen bonds, luminescence thermometry, lanthanides, 

upconversion 

abstract Although water is the most commonly used liquid, it is one of the most intriguing 

substances on planet Earth. This is because, despite having a simple chemical 

composition and molecular structure, liquid water exhibits an extraordinarily 

complex behavior when subjected to variations in temperature and pressure, 

setting it apart from other commonly used liquids. These anomalies in the 

behavior of water are easily observed under supercooling conditions, where 

water is cooled to temperatures below its freezing point, remaining in the liquid 

phase, thus revealing the existence of two distinct liquid states. 

While considered a remarkable explanation for the occurrence of its anomalous 

properties, the coexistence of these two liquid states of water is difficult to prove 

under normal conditions of temperature and pressure. This requires the 

development of new experimental approaches to investigate the peculiar 

characteristics of water that make life as we know it possible on our planet. Since 

the transition between the structures of the two liquid states of water occurs at a 

local level, the use of techniques capable of observing fluctuations in microscopic 

events is required. 

Therefore, this doctoral research work employs the technique of luminescence 

thermometry as a powerful tool to identify fluctuations between two types of 

hydrogen bond organizations in water molecules arranged around the surface of 

Brownian nanoparticles. The obtained results reveal that, in addition to 

identifying low and high-density liquid domains, the delicate balance between the 

coexistence of these different water domains is strongly influenced by the size of 

the nanoparticles and the pH of the aqueous medium, respectively 

corresponding to variations in temperature and pressure in a newly proposed 

hypothetical phase diagram of water. 
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Deciphering density fluctuations in the hydration water of Brownian nanoparticles via 

upconversion thermometry 

Fernando E. Maturi1,2, Ramon S. Raposo Filho1, Carlos D. S. Brites1, Jingyue Fan3, Ruihua 

He3, Bilin Zhuang4, Xiaogang Liu3*, and Luís D. Carlos1* 

1 Phantom-g, CICECO - Aveiro Institute of Materials, Department of Physics, University of 

Aveiro, 3810-193 Aveiro, Portugal 
2 Institute of Chemistry, São Paulo State University (UNESP), 14800-060 Araraquara-SP, 

Brazil 
3 Department of Chemistry, National University of Singapore, 117543 Singapore, Singapore 
4 Harvey Mudd College, 301 Platt Boulevard, California 91711, USA 

*E-mail: chmlx@nus.edu.sg; lcarlos@ua.pt

Abstract: We investigate the intricate relationship between temperature, pH, and Brownian 

velocity in a spectrum of differently sized upconversion nanoparticles (UCNPs) dispersed in 

water. These UCNPs, acting as nano-rulers, offer insights into assessing the relative proportion 

of high-density and low-density liquid in the surrounding hydration water. The study reveals a 

size-dependent reduction in the onset temperature of liquid-water fluctuations, indicating an 

augmented presence of high-density liquid domains at nanoparticle surfaces. The observed 

upper-temperature threshold is consistent with a hypothetical phase diagram of water, 

validating the two-state model. Moreover, increasing pH disrupts water molecule organization, 

similar to external pressure effects, allowing simulation of the effects of temperature and 

pressure on hydrogen bonding networks. The study highlights the versatility of UCNPs as tools 

to quantify high-density/low-density liquid ratios and sheds light on the intricate interplay 

between water and diverse interfaces. The findings underscore the significance of the surface-

to-volume ratio in suspended nanoparticles or biomolecules for understanding liquid 

fluctuations and water behavior at charged interfaces. 
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1. Introduction

Liquid water is the main constituent of the human body and covers the majority of Earth's 

surface. It plays a vital role in a myriad of biological, chemical, physical, geological, industrial, 

and environmental processes.1-7 In addition to its chemical properties as a solvent, proton 

transfer medium, and active component of reactions, the physical properties of water are also 

of fundamental relevance.8 Although water is the most commonly used liquid, its complex 

behavior under varying pressure and temperature conditions leads to numerous anomalies in 

its properties that differ significantly from those of other commonly used liquids. To date, over 

sixty anomalous properties have been reported for water,9-12 including a minimum specific heat 

at 308 K, a negative thermal expansion coefficient below 277 K, and a minimum isothermal 

compressibility at 319 K. 

The underlying reason for these anomalous characteristics is related to water’s 

remarkable ability to form strong and directional hydrogen bonds. As these hydrogen bonds 

are constantly breaking and reforming on a picosecond timescale, fluctuations occur in the local 

structure of water, leading to the emergence of water motifs with different densities.11,12 

Nowadays, two contrasting schools of thought seek to explain the anomalous properties of 

water by investigating its structural fluctuations. One proposes that density fluctuations follow 

a unimodal distribution as predicted by continuous distribution models for water.13-15 The other 

argues that these anomalies stem from the coexistence of two distinct arrangements of water 

molecules that have different physical properties (e.g., the density differs by about 20%16) and 

which become increasingly well-defined upon supercooling: a low-density liquid (LDL) and a 

high-density liquid (HDL).4,8,11 While LDL is an open tetrahedral configuration with 

predominantly low-energy H-bonds, HDL is a network with shorter and highly disordered H-

bonds.17-23 

This two-state scenario appears nowadays very likely, as both theoretical24-29 and 

experimental results30-41 support the existence of a liquid-liquid critical point located in the 

supercooled liquid region of the water phase diagram, separating a one-phase region from a 

two-phase region where the LDL and HDL patches coexist, separated by a first-order transition 

line.4,11,42-44 The coexistence of these two structural motifs of water has been observed both in 

silico42,45-47 and experimental22,48-54 works, especially upon supercooling. Although further 

experimental evidence for inhomogeneous structures of liquid water and fluctuations between 

HDL and LDL patches were provided by the isosbestic point in the temperature-dependent OH 

stretching Raman signal,55,56 temperature-dependent infrared spectra of liquid water,57 optical 

Kerr effect measurements,58 and X-ray absorption and emission spectroscopy,43,48-50,59 the 
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coexistence of these fluctuations at ambient conditions and their implications remain elusive 

and controversial.13,18,22,60-67 Nonetheless, showcasing two distinct arrangements of water 

molecules and their fluctuations is crucial, as it has the potential to revolutionize our 

understanding of biochemistry and reveal that life-supporting conditions may hinge on the 

presence of two kinds of H-bond organization in liquid water.1,3,68 

Little is known about the topology of liquid water, specifically regarding the existence 

of motifs forming the H-bond networks such as rings, clathrates, and clusters, which, although 

numerically proposed through molecular dynamics,16,46,69,70 have not been experimentally 

observed. This knowledge gap arises because techniques commonly employed to investigate 

density fluctuations in liquid water and H-bond network structures are limited to a length scale 

of approximately 1 nm (Fig. 1). Therefore, there is a strong demand for experimental 

techniques to microscopically decipher H-bond structures in liquid water, as well as in aqueous 

solutions of electrolytes, suspensions of biomolecules, and inorganic materials. These systems 

have garnered growing attention due to their potential to unveil the intricate relationship 

between charged interfaces, high-to-low density liquid fluctuations, and their role in the 

formation of large-scale H-bond supramolecular structures, as suggested by molecular 

dynamics simulations of the hydration shell of lysozyme protein.71 Supramolecular structures 

of orientationally ordered water as large as 1 µm have been reported in light scattering 

measurements of aqueous solutions of low molar mass compounds,72-74 and in wide-field 

second harmonic microscopy of divalent cations interacting with water and negatively charged 

freestanding lipid bilayers,75,76 although not explicitly connected to HDL and LDL domains. 
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Fig. 1 Infographic of the various techniques used to investigate anomalies in liquid water 
across different length scales. The temperature dependence of the H-bond networks has been 
explored at different length scales. While X-ray and neutron scattering, numerical simulations, 
Kerr effect, dielectric, THz, UV-Vis, NMR, and Raman spectroscopies operate at the length 
scale of hydrogen atoms and water molecules, second harmonic (SH) imaging works at longer 
scales. Light scattering and luminescence nanothermometry, as shown in this work, can also 
be used up to a submicrometric length scale. 

In recent years, there has been extensive research into the temperature dependence of the 

optical properties of a wide range of water-suspended materials such as quantum dots,53 

plasmonic77 and luminescent78 nanoparticles, organic molecules,79-81 and trivalent lanthanide-

based materials,82-84 including upconverting nanoparticles (UCNPs).85-87 The temperature at 

which these materials exhibit a notable change in their optical properties, is often referred to as 

the crossover temperature (Tc).53 It predominantly falls within the 320–340 K range and 

coincides with the minimum of the isothermal compressibility of water.51 Surprisingly, 

although some of these measurements have been interpreted in the light of the two-state model 

of water,53,80 the observed bilinear trend has not been explicitly attributed to the presence of 

HDL and LDL motifs or the fluctuations between them. To the best of our knowledge, there 

exists only one paper that explores the intriguing relationship between the bilinear temperature 

dependence of the instantaneous Brownian velocity of NaYF4:Yb/Er UCNPs suspended in 

water and the high-to-low density liquid fluctuations.87 These experimental data, corroborated 
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by molecular dynamics simulations, elucidated a geometric phase transition where the LDL 

phase percolates below 330 K. Tc, in this context, was interpreted as the onset of fluctuations 

between high- and low-density water.87 

In the present work, we delve into the unique ability of upconversion nanothermometry88 

to measure the temperature and pH dependence of the Brownian velocity89 of UCNPs of 

varying sizes (15-106 nm diameter) dispersed in water (so-called nanofluids, Supplementary 

Section I). We estimate an upper-temperature threshold for the liquid water density fluctuations 

in the region dominated by HDL domains at ambient conditions, which agrees with the value 

suggested in the hypothetical phase diagram of liquid water under ambient conditions 

(Supplementary Fig. S1).4,8,11,24,32,90 We also show that raising the pH of the nanofluids 

fragments the LDL domains, similar to increasing pressure in this phase diagram. Furthermore, 

our results provide new insights into the relative proportion of HDL and LDL motifs that 

coexist around the nanoparticle surface at ambient conditions in the hydration water. We find 

that the high-to-low-density liquid fluctuations depend on the size of the suspended 

nanoparticle and the pH of the nanofluid. As the size increases, the relative proportion of HDL 

domains increases, while as the surface charge increases (controlled by pH), the relative 

proportion of LDL patches increases. 
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2. Results and discussion

2.1. Uniqueness of H-bond networks in water 

We measured the instantaneous Brownian velocity of NaGdF4:Yb/Er(18%/2%)@NaGdF4 

core-shell UCNPs of 15 nm (in diameter, d) dispersed in water (pH = 5.10), heavy water (D2O), 

and ethanol (EtOH) at a volume fraction of 0.085% (Fig. 2a). The colloidal stability of the 

nanofluids and the size distribution of the UCNPs are presented in Supplementary Figs. S2-S6. 

The experimental setup, similar to that in Reference 89, is described in Supplementary Sections 

II and III (Supplementary Figs. S7-S10). As the solvent density (ρ) increases, the Brownian 

velocity decreases because denser liquids have a higher effective mass (defined as the 

combined mass of the UCNPs and half of the liquid mass moving cooperatively with them91). 

This is well illustrated by the difference in density between EtOH and D2O (781 and 1105 

kg·m−3, respectively, at 303 K92). The lower density of EtOH facilitates the faster motion of 

the UCNPs within the nanofluid, whereas the higher density of D2O results in a considerably 

slower motion (Fig. 2a). An analogous density dependence was observed in the Brownian 

velocity of UCNPs containing an oleic acid coating and dispersed in toluene and cyclohexane, 

with an increase in solvent density decelerates the motion of particles.87 

Notably, the Brownian velocity of the UCNPs in the aqueous nanofluids exhibits a 

bilinear trend, regardless of the size of the particles (Fig. 2b). This behavior is attributed to the 

presence of two distinct motion regimes for UCNPs. At T<Tc (300–330 K), there are HDL 

fluctuations into more voluminous LDL regions within the HDL dominant phase. 

Consequently, this gives rise to a greater effective mass of the nanoparticles, resulting in lower 

Brownian velocity values. Conversely, when the temperature exceeds the critical temperature 

(T) threshold (T>Tc), density fluctuations cease because all LDL motifs were already converted

into HDL ones. This leads to a liquid state characterized by localized fluctuations within the 

HDL phase, leading to higher Brownian velocity values. 

It is worth stressing that the obtained Tc value is in close correspondence with the 

minimum value of the isothermal compressibility of liquid water, which is related to the change 

from a more to a less organized tetrahedral organization due to the density increase.51 Since 

isothermal compressibility depends on fluctuations in density indicating a relative change of 

the volume, the similarity between the Tc values of the Brownian velocity of UCNPs and the 

minimum isothermal compressibility of liquid water is explained by the change in volume of 

the HDL and LDL motifs with increasing temperature.93 
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Fig. 2 Solvent effect and size dependence in the Brownian velocity of UCNPs. (a) 
Temperature-dependent Brownian velocity of the 15 nm UCNPs suspended in EtOH, H2O, and 
D2O. The grey arrow highlights the existence of a crossover temperature in the water-
suspended UCNPs around 330 K, indicating the anomalous behavior of water. (b) 
Temperature-dependent Brownian velocity of different-sized UCNPs (15106 nm) at pH = 
5.10. (c) Size-dependent crossover temperature of the nanofluids from panel b, where the red 
dashed line is a guide for the eyes, highlighting the operating range of sizes that can be used to 
probe the different motifs of liquid water. The inset presents the Tc dependence on the surface-
to-volume ratio (𝑺/𝑽 = 𝟔/𝒅). The lines are guides for the eyes. 

 

Compared to liquid water, the weaker hydrogen bonds in ethanol94 result in a continuous 

linear increase in the Brownian velocity of UCNPs upon heating. Although the low boiling 

point of EtOH limits its study at temperatures above 333 K, the lack of tetrahedral arrangements 

means that Tc is not expected to occur.95 Regarding liquid D2O, while the HDL and LDL motifs 

have also been identified,96,97 the presence of isotopic quantum effects generates a more 

ordered structure that enhances thermodynamic stability,98,99 displacing the Widom line toward 
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higher temperatures.32 Then, Tc might be shifted to higher temperatures, as suggested by the 

displacement of the maximum density and minimum isothermal compressibility,100,101 

potentially residing beyond the confines of the liquid phase. However, recent findings on the 

3D confinement of light and heavy water within zwitterionic liposomes of different sizes, as 

determined through second harmonic imaging and scattering experiments, have yielded a 

noteworthy conclusion: the H-bond networks in D2O differ not only at sub-nanometric length 

scales but also at length scales up to ~100 nm.76 The reason why the Brownian velocity of 

UCNPs dispersed in heavy water displays an uninterrupted linear increase from room 

temperature to the boiling point, similar to the behavior observed for water at temperatures 

below Tc (Fig. 2a), can be simply explained by the much larger spatial extent over which H2O 

molecules interact (corresponding to a much larger spatial extent for low-to-high-density liquid 

water fluctuations). 

 

2.2. The particle size dependence of the HDL/LDL proportion 

We observed a pronounced reduction in the Tc values of the nanofluids as the diameter d of the 

UCNPs increases (Fig. 2c). To understand this intriguing size-dependent trend and due to the 

quasi-spherical morphology of UCNPs (Supplementary Fig. S5), we investigated this 

dependence using their surface-to-volume (S/V) ratio. As this ratio progressively increases (as 

𝑑 → 0), Tc asymptotically converges towards a limit of 331.2 ± 0.2 K. This temperature should 

therefore correspond to the onset temperature of the fluctuations between high and low-density 

liquid states in pure water (d = 0 in Fig. 2c). Interestingly, this upper-temperature threshold for 

fluctuations in the HDL domain-dominated region at ambient conditions agrees with the value 

(325.0 ± 1.0 K) estimated from the hypothetical phase diagram of water under ambient 

conditions published in References 4,8 (Fig. 3 and Supplementary Fig. S1). 
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Fig. 3 Hypothetical phase diagram of liquid water. (a) Coexistence of HDL (red) and LDL 
(blue) domains near the Widom line (W). Below W, LDL dominates with fluctuations in HDL 
domains whereas above W, HDL dominates with LDL fluctuations. The white star represents 
the liquid-liquid critical point. Moving away from the critical point, fluctuations decrease in 
size, as indicated by the blobs. The grey line outlines the “funnel of life,” where water exhibits 
unusual properties crucial for life maintenance. Outside the funnel, at higher temperatures, only 
local fluctuations occur in the HDL liquid (indicated by small red dots on the blue background). 
Adapted and modified from Reference 8. (b) Zooming into the shadowed area in panel (a) 
shows the upper-temperature limit of the “funnel of life” at ambient pressure, corresponding to 
the crossover temperature Tc (diamond), and illustrative schemes of the temperature 
dependence of high-to-low density liquid fluctuations. 

 

Furthermore, we hypothesize that the decrease in the Tc of the aqueous nanofluids derived 

from Fig. 2c compared to pure water stems from a decrease in high-to-low-density liquid water 

fluctuations as a consequence of the prevalence of a higher concentration of HDL patches 

relative to LDL regions in the volume of nanofluid moving cooperatively with UCNPs. 

Notably, this hypothesis corroborates previous findings, both experimental102 and in silico,71 

about the hydration water of the lysozyme protein. This hydration water (defined as the water 

molecules encompassing the protein within a 0.6 nm shell71), exhibits local distortions when 

compared to bulk water. For instance, its density is much higher than that of the bulk103 and 

the dielectric constant of interfacial water in the double layer is much lower than that of bulk 

water.104 These distortions induce a different ordering of water molecules at the interface, 
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characterized by a higher concentration of HDL domains than LDL domains, compared to bulk 

water.71,102 Like the impact of the lysozyme protein in liquid water, the presence of UCNPs 

also influences the local structure of water within the aqueous nanofluids. Consequently, 

nanofluids with lower S/V ratios (larger UCNPs) contain a relatively smaller proportion of HDL 

domains in the hydration shell of the nanoparticles, leading to lower Tc values (Fig. 2c). When 

d > 78 nm, Tc reaches a plateau at approximately 327.5 K. This occurs because the S/V ratio 

experiences negligible changes beyond this size threshold (S/V increases by a factor of ~5.2, as 

d decreases from 78 to 15 nm, but only by ~1.4 times, as d decreases from 106 nm to 78 nm). 

Remarkably, the Tc of ligand-free and silica-coated UCNPs of comparable size is similar (Fig. 

2c), suggesting an analogous relative HDL/LDL proportion at the particle surface, in agreement 

with an identical charge density of the water-silica and water NaYF4 interfaces (|ζ| ~ 35 mV, 

Supplementary Figs. S3, S4). 

2.3. The dependence of Brownian velocity and crossover temperature on the pH 

The vicinity of the UCNPs can be sensitively influenced by local ions and ligands, with effects 

already occurring at extremely low concentrations.105 Fine-tuning the pH of suspensions at the 

water-silica interface was found to induce changes in charge density, impacting the orientation 

of water molecules.103,106 Recent surface-enhanced infrared absorption spectroscopy results 

have also shed light on the influence of pH on hydrogen and water binding energies on platinum 

surfaces.107 Also, a pH dependence of the onset temperature of the anomaly related to the 

minimum isothermal compressibility of liquid water was reported for aqueous suspensions, 

including 1-methyl-5-nitroindoline,80 Eu3+ complexes,82,83 and NaYF4:Yb/Er UCNPs.86 These 

findings suggest a potential role of pH in influencing high-to-low-density fluctuations within 

aqueous nanofluids. 

To explore this possibility, we evaluated the temperature-dependent Brownian velocity 

of the UCNPs dispersed in aqueous nanofluids with systematically varied pH values from 2.70 

to 8.50 (Fig. 4a for d = 15, 64, and 78 nm and Supplementary Fig. S11 for d = 24, 52, and 106 

nm). Except for pH values between 7.0 and 8.0, the measured absolute zeta potential values, |ζ| 

> 20 mV, indicate stability with no UCNP aggregation (Supplementary Figs. S3, S4).
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Fig. 4 Correlation between crossover temperature, pH, and zeta potential. (a) Effect of 
the pH on the Brownian velocity of UCNPs with diameters within the nano-rullers’ operating 
range, as defined in Fig. 2c. The lines are the best linear fits at each pH for T<Tc and the same 
linear fit for all the pH values for T>Tc (r2>0.98 for all samples). Tc as a function of (b) pH and 
(c) |ζ|. The lines are guides to the eyes. 

 

The pH exerts a notable influence on Brownian velocity, with an increase in pH leading 

to a reduction in Brownian velocity for T<Tc, while the pH dependence becomes negligible for 

T>Tc. This primarily impacts LDL domains, present only for T<Tc. Increasing pH weakens the 

H-bond network due to an increased concentration of OH− ions, disrupting the tetrahedral 

organization of LDL domains due to their voluminous planar structure.108 Increasing pH 

triggers the fragmentation of LDL domains into smaller ones, while keeping the HDL/LDL 

ratio, leading to a deceleration in the motion of the UCNPs. This effect mirrors the application 

of high pressures, as suggested by previous neutron diffraction measurements108,109 and Monte 

12



 
 

12 
 

Carlo simulations.110 As pressure increases, at a constant temperature, there is a fragmentation 

of LDL domains (Fig. 3 and Supplementary Fig. S1). However, recent machine learning-based 

molecular dynamics simulations of ions in salt water have shown that the ions do not 

homogeneously distort the structure of water, but instead have localized structural effects in 

the first solvation shell.111 Our results agree with this scenario, as raising the pH of the 

nanofluids is an ingenious strategy for simulating a pressure-like effect and evaluating 

microscopic changes in H-bond networks. 

The decrease in Brownian velocity upon increasing pH results in the concomitant 

decrease in Tc values (Fig. 4b), indicating that low-to-high-density liquid fluctuations at 

nanoparticle surfaces cease at lower temperatures in basic media compared to an acidic one. 

To explain this dependence, we consider the influence of pH on the surface charge of UCNPs, 

with experiments demonstrating how surface charge controls water structure near the interface. 

The fine-tuning of pH affects the orientation extent of water molecules near the interface, as 

reported for water-silica interfaces.103,104 Therefore, to study the effect of pH on the electric 

double layer of UCNPs, the zeta potential of the distinct aqueous nanofluids was measured. 

Our results show a decrease in |ζ| as pH increases (Supplementary Fig. S4) in good accordance 

with previous reports on upconverting112 and plasmonic105 nanoparticles. This mirrors the trend 

observed for Tc (Fig. 4b and Supplementary Fig. S12), highlighting how the presence of ions 

in the medium can affect the surface charge of the UCNPs. The increase in electrostatic 

repulsion of the UCNPs causes a higher Tc (Fig. 4c). A hypothesis is proposed that a greater 

surface charge (or the potential at the slipping plane) requires more thermal energy to activate 

HDL-to-LDL fluctuations at the nanoparticle interface. Consequently, more LDL domains 

exist in the hydration water of the particles. This hypothesis agrees with simulations conducted 

by Gallo’s group, indicating a slower rate decrease in LDL domains at the biomolecule 

interface with rising temperature.71 Moreover, for a constant |ζ| value, nanofluids with smaller 

UCNPs exhibit a higher Tc, consistent with the findings in Fig. 2c. It is noteworthy that the 

same conclusion can be drawn exclusively from upconversion thermometry and by combining 

upconversion thermometry with zeta potential measurements. Similar results were reported by 

Kim et al.,104 demonstrating how temperature changes the interfacial structure of water by 

mitigating the effect of surface charge at water-oil interfaces. 

Interestingly, Barisik et al.111 showed that, at a constant pH, the surface charge density 

of Si-NPs decreases with increasing particle size until it stabilizes after reaching a critical 

diameter of 100 nm. A similar trend was observed for metal oxide nanoparticles.112 These 
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findings align with our Tc size-dependence results (Fig. 2c), revealing a decrease in Tc with 

increasing particle size up to a critical value (> 78 nm), beyond which it remains constant. 

 

Conclusions 

In summary, our study systematically investigated the impact of temperature and pH on 

Brownian velocity in a range of UCNPs (15-106 nm diameter) dispersed in water. We 

consistently observed a decrease in the onset temperature of high-to-low-density liquid water 

fluctuations with increasing nanoparticle size, indicative of an increased presence of HDL 

domains at nanoparticle surfaces. UCNPs, therefore, behave as nano-rulers for assessing 

HDL/LDL proportion in surrounding hydration water. 

Moreover, the upper-temperature threshold for these fluctuations, as predicted by our 

experiments, agrees with values proposed in the hypothetical phase diagram of water under 

ambient conditions based on the two-state model. Additionally, we have shown that increasing 

pH disrupts the tetrahedral organization of water molecules, akin to external pressure on pure 

water. By precisely controlling both UCNP size and pH levels, we have simulated the effects 

of temperature and pressure on HDL and LDL hydrogen bonding networks, mirroring 

predictions in the hypothesized phase diagram. Within nanofluids, the local environment 

around nanoparticles exerts a significant influence on their physical-chemical properties, being 

different from bulk due to interaction with the particle surface.105 This work elegantly 

underscores the substantial impact of these interactions, serving as compelling evidence of this 

effect for the specific example of luminescent nanoparticles. It demonstrates that the versatility 

of UCNPs, with modifiable size and surface properties, makes them invaluable for 

experimentally quantifying HDL/LDL proportions in the hydration water surrounding 

particles. 

These findings resonate with the intricate interplay between water and various nonpolar 

media, metals, oxides, and biomembranes, emphasizing the importance of water charge-

asymmetrical molecular configuration at interfaces.75,103,104 In conclusion, our results provide 

compelling experimental evidence regarding the significance of the S/V ratio of suspended 

nanoparticles or biomolecules in understanding the dynamics of high-to-low-density liquid 

fluctuations and water behavior at charged interfaces. 

 

Experimental section 

Synthesis of upconverting nanoparticles. NaGdF4:Yb/Er(18/2%)@NaGdF4 (average 

diameter 15 nm, core-shell), NaYF4:Yb/Er(18/2%)@NaYF4 (average diameter 24 nm, core-
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shell), NaYF4:Lu/Yb/Er(40/18/2%) (average diameter 52 nm, core-only), 

NaYF4:Lu/Yb/Er(47/18/2%) (average diameter 64 nm, core-only), 

NaYF4:Lu/Yb/Er(47/18/2%) (average diameter 78 nm, core-only), 

NaYF4:Lu/Yb/Er(47/18/2%)@SiO2 (average diameter 100 nm, core-shell), and 

NaYF4:Lu/Yb/Er(50/18/2%) (average diameter 106 nm, core-only) ligand-free UCNPs were 

synthesized through a coprecipitation method based on a previous report.113 The detailed 

synthesis procedure and the characterization of the UCNPs are described in Supplementary 

Section I. 

 

Preparation of the nanofluids. Aqueous nanofluids containing ligand-free UCNPs were 

obtained by adjusting the pH of water between 2.70 and 5.10 by adding aqueous solutions of 

sodium hydroxide or hydrochloric acid (0.1 mol·L−1) at a volume fraction (ϕ) of 0.085%. The 

aqueous nanofluids of 15 nm UCNPs were freeze-dried and the resulting powder was dispersed 

in heavy water and ethanol under sonication to obtain the corresponding nanofluids at ϕ = 

0.085%. A detailed description of pH measurements and the preparation of nanofluids is 

presented in Supplementary Section I. 

 

Upconversion spectroscopy. The upconverting emission spectra of the nanofluids were 

recorded using the experimental setup shown in Supplementary Fig. S7. A quartz cuvette (9F-

Q-10, Starna Cells) filled with 0.50 mL of the nanofluids was irradiated with a near-infrared 

980 nm continuous-wave laser diode (DL980-3W0-T, CrystaLaser) operating with a power 

density PD = 62 W·cm−2. The excitation radiation was collimated with a plano-convex lens 

(LA1145-AB, Thorlabs). The upconversion emission spectra were registered with a USB 

portable spectrometer (Maya 2000 Pro, Ocean Insight) coupled to an optical fiber (P600-1-UV-

VIS, Ocean Insight). A short pass filter (FESH0750, Thorlabs) was used to cut off the 980 nm 

laser signal from the emission spectra. The temperature of the nanofluids was increased through 

the Joule effect by attaching a Kapton thermofoil heater (HK6906, Minco) in thermal contact 

with one side of the cuvette containing the nanofluids. This setup allows us to control both the 

initial temperature and the temperature rise. Further information is provided in Supplementary 

Section II. 

 

Measurement of temperature through upconversion nanothermometry. The luminescence 

intensity ratio between the emission bands corresponding to the Er3+ 2H11/2→4I15/2 (IH, 510–

534 nm) and 4S3/2→4I15/2 (IS, 534–554 nm) transitions was used to define a thermometric 
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parameter (Δ = IH/IS) and predict the absolute temperature T of the nanofluids as detailed in 

Supplementary Section III. 

 

Determination of the Brownian velocity of the UCNPs in the nanofluids. The emission 

spectra were measured at different distances xi from the Kapton thermofoil heater to construct 

time-dependent temperature profiles through upconversion nanothermometry. An excellent 

linear correlation between xi and the onset time (the time at which the temperature rises above 

its uncertainty) was systematically obtained. The slope of the linear fit to each dataset 

represents the Brownian velocity of the UCNPs in the nanofluids. Further details are provided 

in Supplementary Sections IV and V. 
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I. Synthesis and characterization

Materials. Yttrium(III) acetate hydrate (99.9%), ytterbium(III) acetate hydrate (99.9%), 

erbium(III) acetate hydrate (99.9%), lutetium(III) acetate hydrate (99.9%), ammonium fluoride 

(>98%), 1-octadecene (90%), oleic acid (90%), cyclohexane (99.5%), absolute ethanol 

(>98%), methanol (99.9%), hydrochloric acid (37%), sodium hydroxide (>98%), deuterium 

oxide (99.9 atom % D), polyvinylpyrrolidone, and tetraethyl orthosilicate were purchased from 

Sigma-Aldrich and used as received. 

Synthesis of NaGdF4:Yb/Er(18/2%)@NaGdF4 core-shell nanoparticles (15 nm). The 

synthesis of upconverting nanoparticles (UCNPs) was carried out according to a previously 

reported procedure.1 In a 50 mL flask, an aqueous solution (2 mL) containing Gd(CH3CO2)3 

(0.097 g, 0.320 mmol), Yb(CH3CO2)3 (0.030 g, 0.072 mmol), and Er(CH3CO2)3 (0.003 g, 

0.008 mmol) was mixed with oleic acid (4 mL) and 1-octadecene (6 mL) to obtain the core of 

UCNPs. The resulting mixture was heated at 423 K for 1.3 h, forming lanthanide oleate 

complexes, before cooling to room temperature. Subsequently, ammonium fluoride (1.2 mmol) 

and sodium hydroxide (1.0 mmol) dissolved in 5 mL of methanol were added and stirred at 

318 K for 3.5 h. To remove the methanol, the reaction temperature was increased to 378 K. 

The solution was then heated to 553 K under an argon flow for 1.5 h, followed by cooling to 

room temperature. The resulting nanoparticles were precipitated by adding ethanol, collected 

by centrifugation, washed with ethanol, and finally redispersed in 4 mL of cyclohexane. 

For the optically inert shell of the 15 nm UCNPs, an aqueous solution (2 mL) containing 

Gd(CH3CO2)3 (0.121 g, 0.400 mmol) was combined with oleic acid (3 mL) and 1-octadecene 

(7 mL) in a 50 mL flask. The resulting mixture was heated at 423 K for 1 h under stirring and 

then cooled to 323 K. The as-synthesized NaGdF4:Yb/Er(18/2%) 15 nm core nanoparticles, 

dispersed in 4 mL of cyclohexane, were then added to the flask, followed by the addition of a 

6 mL methanol solution of ammonium fluoride (1.6 mmol) and sodium hydroxide (1.0 mmol). 

The mixture was stirred at 323 K for 30 min and then the reaction temperature was increased 

to 373 K. After removing the methanol, the solution was heated at 563 K under an argon 

atmosphere for 1.5 h and then cooled to room temperature. The resulting core-shell 

nanoparticles were precipitated by the addition of ethanol, collected via centrifugation, washed 

with ethanol, and redispersed in cyclohexane. 

Synthesis of NaYF4:Yb/Er(18/2%)@NaYF4 core-shell nanoparticles (24 nm). The 

synthesis of 24 nm core-shell UCNPs followed the same procedure as described in the 
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synthesis of the 15 nm core-shell UCNPs, except for replacing Gd(CH3CO2)3 with 

Y(CH3CO2)3. 

 

Synthesis of NaYF4:Lu/Yb/Er core-only nanoparticles (52, 64, 78, and 106 nm). In a 

typical experimental procedure, a 2 mL aqueous solution of Ln(CH3CO2)3 (0.2 mol·L−1, Ln = 

Lu, Y, Yb, and Er) was added to a 50 mL flask containing oleic acid (3 mL) and 1-octadecene 

(7 mL). The mixture was heated to 423 K for 1 h. After cooling to 323 K, a methanol solution 

(6 mL) containing ammonium fluoride (1.6 mmol) and sodium hydroxide (1.0 mmol) was 

added under stirring for 30 min. After removing the methanol through evaporation, the solution 

was heated at 563 K under argon for 3 h and then cooled down to room temperature. The 

resulting nanoparticles were washed several times with ethanol and redispersed in 4 mL of 

cyclohexane. The same procedure was used to obtain UCNPs of varying sizes. The heating 

duration, temperature, and concentration composition were tuned to achieve different doping 

ratios of Lu/Yb/Er: 40/18/2% (52 nm), 47/18/2% (64 and 78 nm), and 50/18/2% (106 nm). 

 

Preparation of ligand-free nanoparticles. The as-synthesized oleate-capped UCNPs were 

dispersed in a solution containing 1 mL of ethanol and 1 mL of hydrochloric acid (2 mol·L−1), 

followed by ultrasonication for 10 min to remove the oleate capping. The resulting ligand-free 

UCNPs were collected by centrifugation at 16,500 rpm for 20 min, washed with ethanol and 

deionized water several times, and then redispersed in deionized water. The same procedure 

was used for all the different-sized UCNPs, resulting in aqueous dispersions of ~100 mg·mL−1. 

 

Synthesis of NaYF4:Lu/Yb/Er(47/18/2%)@SiO2 core-shell nanoparticles (100 nm). In a 

standard method, an amorphous silica (SiO2) shell was grown onto the surface of the 78 nm 

ligand-free UCNPs using polyvinylpyrrolidone (PVP) as a mediator.2 PVP (250 mg) was 

dissolved under stirring in a 50 mL round-bottom flask containing 5 mL of deionized water 

and 15 mL of ethanol until its total dissolution. The ligand-free 78 nm 

NaYF4:Lu/Yb/Er(47/18/2%) UCNPs (0.2f PVP mmol) were added to the flask and kept under 

stirring for 30 min. Then, a solution of tetraethyl orthosilicate (50 μL) dissolved in ethanol 

(300 μL) was added to the flask. The mixture was reacted overnight under stirring. Core-shell 

NaYF4:Lu/Yb/Er(47/18/2%)@SiO2 UCNPs were collected via centrifugation at 16,500 rpm 

for 30 min and washed twice with ethanol. The silica-coated UCNPs were obtained with an 

average outer diameter of 100 nm (the thickness of the silica shell is 11 nm). 
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Preparation of the nanofluids. The pH of the solutions and suspensions was measured with 

a compact pH meter (SC S210-K, Mettler Toledo) at 293 K. The pH meter was calibrated by 

using a two-point calibration method with technical buffer calibration solutions at pH values 

of 4.01 and 10.01 (Mettler Toledo). Stock solutions with pH values of 2.70  0.01, 5.10  0.01, 

6.30  0.01, and 8.50  0.01 were obtained by adding aqueous solutions of hydrochloric acid 

(0.1 mol·L−1) or sodium hydroxide (0.1 mol·L−1) to deionized water. Then, aqueous nanofluids 

were obtained at different pH values by dispersing the different-sized ligand-free UCNPs in 

the corresponding pH stock solutions under sonication. All nanofluids were prepared with a 

volume fraction (ϕ) of UCNPs of 0.085%. This choice ensures a sufficient signal-to-noise ratio 

in the photoluminescence studies while keeping the concentration of the UCNPs as low as 

possible, thus decreasing particle-particle interactions, known to increase Brownian velocity.3 

For the nanofluids obtained in heavy water (D2O) and ethanol (EtOH), aqueous dispersions of 

15 nm ligand-free UCNPs were freeze-dried to remove water by sublimation. The mass of dried 

UCNPs required to obtain ϕ = 0.085% was then dispersed in the proper volume of D2O or 

EtOH under sonication. Table S1 summarizes the mass concentration (ρc) and density (ρn) 

according to the chemical composition of UCNPs used to obtain the different nanofluids at ϕ 

= ρc/ρn = 0.085%. 

 

Colloidal characterization. The hydrodynamic diameter (dH) of UCNPs was measured by 

dynamic light scattering (DLS) in a Malvern Zetasizer Nano ZS instrument (red badge 

ZEN3600, Malvern Instruments) operating with a 632.8 nm laser. To analyze the colloidal 

stability of UCNPs, zeta potential (ζ) measurements were carried out with the same instrument 

applying the Smoluchowski model. The dH and ζ measurements were performed at 298 K in a 

folded capillary cell (DTS1070, Malvern Instruments). Three measurements with ten scans 

each were performed and the average values were used for data analysis. The resulting 

distribution of sizes and zeta potentials was adjusted to lognormal and Gaussian functions, 

respectively, using the mean and standard deviations to determine the average dH and ζ and 

their uncertainties (Fig. S2, Fig. S3, Fig. S4, and Table S2). 

 

Electron microscopy. Transmission electron microscopy (TEM) images of the UCNPs (Figs. 

S5) were obtained using a field-emission transmission electron microscope (JEM-2100F, 

JEOL) operated at an acceleration voltage of 200 kV. The values of the diameters (d) and their 
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corresponding uncertainties were retrieved from the mean and standard deviations of the 

lognormal function adjusted to the size distribution of the UCNPs (Fig. S6 and Table S2). 

 

II. Experimental setup for temperature-dependent photoluminescence measurements 

The emission spectra of UCNPs were recorded in the experimental setup presented in Fig. S7 

(adapted from Reference 4). The nanofluids were excited with a continuous-wave (CW) near-

infrared laser diode (DL980-3W0-T, CrystaLaser) at 980 nm. The laser beam was collimated 

by a plano-convex lens (LA1145-AB, Thorlabs), resulting in a power density of 62 W·cm−2. 

The laser beam irradiates a semi-micro rectangular quartz cuvette (9F-Q-10, Starna Cells) filled 

with 0.50 mL of the nanofluids. The scanning position of the cuvette along the x-axis was 

controlled by a moving stage with a minimum step of 0.1 mm. Detection of the upconverting 

emission was performed by a USB portable spectrometer (Maya 2000 Pro, Ocean Insight) 

coupled to an optical fiber (P600-1-UV-VIS, Ocean Insight) using a short-pass filter 

(FESH0750, Thorlabs) to cut off the peak of the laser during spectral acquisition. Spectral 

acquisition was performed with a constant boxcar width (one pixel, 0.5 nm) and integration 

time of 250 ms. The temperature of the nanofluids was increased at one side of the cuvette 

through thermal contact by attaching it to a Kapton thermofoil heater (HK6906, Minco) 

mounted in a copper plate (4.6 × 2.5 cm2) and coupled to a temperature controller (E5CN, 

Omron). The temperature controller is equipped with a K-type thermocouple (KA01-3, TME 

Thermometers) with a thermal resolution of 0.1 K. 

 

III. Temperature mapping through upconversion nanothermometry 

In the experimental setup depicted in Fig. S7, the nanofluids were irradiated with a CW 980 

nm laser diode until the stabilization of the temperature. After reaching different initial 

equilibrium temperatures (ranging from 303 to 343 K), one side of the cuvette (containing the 

nanofluids) was heated (temperature increment of 15 K for 300 s) and time-dependent 

upconversion emission spectra were recorded at different fixed positions along the xx-direction 

perpendicular to the laser beam (xi = 0.0–6.0 mm, i = 1–4). For each time instant, the 

luminescence intensity ratio between the emission bands corresponding to 2H11/2→4I15/2 (IH, 

510–534 nm) and 4S3/2→4I15/2 (IS, 534–554 nm) transitions was used to define the thermometric 

parameter (Δ = IH/IS) and calculated the absolute temperature (T) as:5 

1

𝑇
=

1

𝑇଴
−
𝑘஻
∆𝐸

ln ൬
∆

∆଴
൰ ( S1) 
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where ΔE is the energy separation between the Er3+ 2H11/2 and 4S3/2 thermally coupled levels, 

kB is the Boltzmann constant, and 0 is the thermometric parameter at room temperature (T0). 

The value of E was calculated as the difference between the barycenters of the 2H11/2 

(525 nm) and 4S3/2 (545 nm) emitting levels (Fig. S8a). Since 0 corresponds to the value of 

 without laser-induced heating, its value can be obtained from the intercept of the curve of  

measured as a function of the laser power density (Fig. S8b). The thermometric parameter  

increases as the temperature rises because the relative population between the 2H11/2 and 4S3/2 

levels is in thermal equilibrium, following Boltzmann’s distribution.5 Therefore, this approach 

provides a reliable parameter to record time-dependent temperature profiles based on the 

emission spectra of the nanofluids containing UCNPs while heating them (Fig. S8c). 

The thermal sensing ability of the nanofluids can be assessed by the relative thermal 

sensitivity (Sr) and uncertainty in temperature (δT), which are the two Fig.s of merit commonly 

used to compare the thermometric performance of luminescent thermometers. The value of Sr 

represents the Δ change per degree of temperature (in %·K−1): 

𝑆௥ = ฬ
1

∆

𝑑∆

𝑑𝑇
ฬ =

∆𝐸

𝑘஻𝑇
ଶ
 ( S2) 

where 𝑑∆ 𝑑𝑇⁄  is the rate of change of Δ in response to the variation of temperature, kB is 

Boltzmann’s constant, and T is the absolute temperature. The value of δT corresponds to the 

smallest temperature resolvable by the thermometer (in K): 

𝛿𝑇 =
1

𝑆௥

𝛿∆

∆
 ( S3) 

where 𝛿∆ ∆⁄  is the relative uncertainty of Δ. The maximum relative thermal sensitivity and 
minimum uncertainty at the temperature obtained for each nanofluid are summarized in Table 
S3. 
IV. Data denoising and determination of the instantaneous ballistic Brownian velocity 

The absolute temperature values measured by upconversion nanothermometry were computed 

as the reduced temperature θ(t): 

𝜃(𝑡) =
𝑇(𝑡) − 𝑇௜
𝑇௙ − 𝑇௜

 ( S4) 

where T(t), Ti, and Tf are the instantaneous, initial, and final values of the temperature, 

respectively. The values of T(t) were obtained by applying Equation S1 to the time-dependent 

upconverting emission spectra of the samples. Once the temperature profiles were recorded at 
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distinct Ti, this procedure was performed to obtain thermal transients with the same range of 

temperature for comparison purposes. 

A nonlinear noise reduction method based on the discrete wavelet transform (DWT) was 

used to reduce the noise arising from the θ(t) curves.6 The denoising procedure was 

implemented through a custom MATLAB R2022a script in five steps, following a previously 

reported procedure.4 The used script i) imports the thermometric parameter  = IH/IS from the 

as-measured temperature-dependent emission spectra; ii) computes the temperature by 

applying Equation S1 to the resulting time-dependent ; iii) converts the temperature into 

reduced temperature through Equation S4; iv) applies the DWT denoising method to obtain a 

denoised reduced temperature (threshold parameter: 15, 5 stages); and v) calculate the noise 

from the difference between the denoised and measured reduced temperature. The histograms 

of the noise obtained for all the denoised θ(t) curves result in a Gaussian distribution (r2 > 0.98) 

centered at zero, following an additive white Gaussian noise that validates the denoising 

method herein applied.7,8 

The denoised θ(t) curves were used to compute the critical onset time (ti), which 

corresponds to the instant time at which the initial temperature starts to increase. After 

analyzing the data, the script marks ti as the instant time at which the change in the denoised 

signal is higher than the standard deviation of the noise (extracted from the corresponding 

histogram). For the same initial temperature, the θ(t) curves were registered by irradiating the 

laser at distinct positions along the xx-direction (xi = 0.0–6.0 mm, i = 1–4). The instantaneous 

ballistic Brownian velocity was then estimated as the slope of the xi versus ti plot, as 

demonstrated in Fig. S9. 
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V. Calculation of crossover temperature 

The value of the crossover temperature (Tc) was calculated from the intersection between the 

two straight lines adjusted to the bilinear trend of the temperature-dependent Brownian velocity 

of the UCNPs in the aqueous nanofluids. All possible combinations of two straight lines giving 

the best fit to the bilinear trend observed in the 300–350 K temperature range were computed 

by using a custom script written in MATLAB R2022a. The Tc values were then determined 

from the intersection between the two linear fits that give the maximum product of the 

coefficient of the determination (r2) from each line. The uncertainty in Tc (δTc) was estimated 

as: 

𝛿𝑇௖ =
𝑇௖௠௔௫ − 𝑇௖௠௜௡

2
= −

(𝜎ாଶ + 𝜎ாଵ)

𝑚ଵ −𝑚ଶ
 ( S5) 

where Tcmax and Tcmin are the maximum and minimum predicted values of Tc, respectively, σE1 

and σE2, and m1 and m2 are the standard error of the estimate (σE) and the slope (m) of the linear 

dependency below and above Tc, respectively. σE is defined as: 

𝜎ா = ඨ
∑(𝜈 − 𝜈′)ଶ

𝑛 − 2
 ( S6) 

with ν and ν′ corresponding to the measured and fitted values of the Brownian velocity, 

respectively, and n is the number of data points from each fitted line. The estimation of δTc is 

illustrated in the schematic representation in Fig. S10. The same procedure was employed 

regardless of the UCNPs’ size or pH of the aqueous media. 

 

VI. The two-state model and a hypothetical phase diagram of liquid water 

The strongest evidence supporting the two-state model of water comes from the liquid-liquid 

phase transition (LLPT) hypothesis proposed by Poole, Sciortino, Essmann, and Stanley based 

on molecular dynamics simulations.9 According to this hypothesis, a second critical point for 

water in the supercooled regime separates the LDL from the HDL in a discontinuous phase 

transition.10,11 At the molecular level, the spacious LDL is formed when water molecules in the 

first hydration shell assemble in a more organized tetrahedral hydrogen-bonding network, 

while the more tightly connected HDL forms when an additional water molecule from the 

second hydration shell enters the first hydration shell, disrupting the LDL organization and 

creating a smaller and distorted hydrogen-bonding motif.12 Direct observations of the LLPT 

are difficult due to the quick crystallization of supercooled liquid water, which only exists in 

one state below 215 K.13,14 Nevertheless, recent studies of isothermal volume changes in diluted 
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polyol and trehalose aqueous solutions under varying pressures have confirmed the existence 

of two states of water experiencing an LLPT between the metastable LDL and HDL,15,16 

corroborating the hypothesis that pure water undergoes an LLPT as well. 

The LLPT hypothesis offers a fresh perspective for understanding the singular behavior 

of liquid water in terms of LDL and HDL motifs at varying pressures and temperatures, as 

demonstrated by the hypothetical phase diagram depicted in Fig. S1. The phase diagram 

portrays the liquid-liquid coexistence line between LDL and HDL in terms of simple liquid 

regions. Additionally, the diagram includes the liquid-liquid critical point (LLCP), which may 

be either real or virtual, the Widom line (W) marking the crossover between the metastable and 

stable regions in the one-phase region, and fluctuations on various length scales emerging from 

LLCP, resulting in local spatially separated regions in the anomalous region. The amorphous 

solid states of LDL and HDL can exist at extremely low temperatures as low-density (LDA, 

low pressure) and high-density (HDA, high pressure) amorphous ice, respectively. In fact, 

recent findings have also demonstrated the possibility of obtaining medium-density amorphous 

ice under specific conditions of pressure and temperature.17 This discovery indicates that the 

proposed phase diagram still has room for optimization and potential for further improvements. 

 

VII. Equipartition theorem 

Equipartition theorem. The equipartition theorem describes the Brownian velocity as 𝜈 =

ඥ𝑘஻𝑇 𝑚∗⁄ , where kB is the Boltzmann constant, T is the temperature, and 𝑚∗ is the effective 

mass of the nanoparticles, representing the combined mass of UCNPs and half of the liquid 

mass moving cooperatively with them.18 In this sense, dispersing UCNPs within denser 

solvents results in a lower 𝜈, as shown in Fig. 2a of the main text. 
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VIII. Supplementary Figures 

 

 

Fig. S1 Hypothetical phase diagram of water. Adapted from Reference 19. 
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Fig. S2 Particle size and zeta potential of the 15 nm UCNPs. Hydrodynamic diameter (dH, 
top) and ζ (bottom) of the 15 nm nanofluids prepared in (a, d) water (pH = 5.10), (b, e) heavy 
water, and (c, f) ethanol. The lines are the best fits to the data using lognormal (dH) and 
Gaussian (ζ) functions (r2 > 0.97). The values of dH obtained for the other nanofluids prepared 
in water are summarized in Table S2. 
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Fig. S3 pH dependence of the zeta potential of the aqueous nanofluids. Zeta potential of 
UCNPs with diameters of (a) 15, (b) 24, (c) 52, (d) 64, (e) 78, and (f) 106 nm measured in 
water at four pH values. The lines are the best fits for ζ (Gaussian distribution, r2 > 0.98). The 
fitting results (ζ values and corresponding uncertainties) are shown in Fig. S4. For the studied 
volume fraction, the 100 nm UCNP with a silica shell is only stable at pH = 5.10, at which ζ = 
−33 ± 11 mV.  
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Fig. S4 pH dependence of the Zeta potential. pH dependence of ζ for the (a) 15 nm, (b) 24 
nm, (c) 52 nm, (d) 64 nm, (e) 78 nm, and (f) 106 nm UCNPs dispersed in water, obtained from 
the data in Fig. S3. The lines are guides for the eyes. The decrease in ζ with the increase in pH 
is in good accordance with previous reports,20 highlighting how the presence of ions in the 
medium can affect the surface charge of UCNPs. The stability of a colloid is the result of van 
der Waals attraction and repulsion (steric and electrostatic). The zeta potential provides 
information about the repulsive forces due to the electric double layer and, thus, the absolute 
values, |ζ|, measure the magnitude of the electrostatic repulsion. The nanofluids are considered 
stable if |ζ| ≥ 20 mV (green-shaded regions).21 
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Fig. S5 Transmission electronic microscopy. TEM micrographs of (a) 15 nm, (b) 24 nm, (c) 
52 nm, (d) 64 nm, (e) 78 nm, (f) 100 nm (core = 78 nm and a SiO2 shell of 11 nm thick), and 
(g) 106 nm ligand-free UCNPs. 
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Fig. S6 Particle size of the nanocrystals. TEM size distribution of the (a) 15, (b) 24, (c) 52, 
(d) 64, (e) 78, (f) 100 nm (SiO2 shell), and (g) 106 nm ligand-free UCNPs. The lines are the 
best fits for TEM size data (Fig. S5) using a lognormal distribution (r2 > 0.97). Fitting results 
(diameter d and corresponding uncertainty) are presented in Table S2. 
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Fig. S7 Schematic of the experimental setup used to record the thermal transients of the 
nanofluids. The cuvette is placed on a controlled moving stage that allows the nanofluid to be 
irradiated at different positions along the xx direction. The 980 nm laser beam is collimated by 
a plano-convex lens and the light emission from the nanofluid is collected by an optical fiber 
coupled to a portable spectrometer. 
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Fig. S8 Calibration curve of the 15 nm aqueous nanofluid (pH = 5.10). (a) Determination 
of the energy separation ΔE at 303.0 K. The areas shaded in yellow, red, and blue are the 
integrated intensities of the 2H9/2→4I13/2, 4S3/2→4I15/2 (IS), and 2H11/2→4I15/2 (IH) transitions of 
Er3+. The green solid line is the fit envelope while the grey circles are the data from the emission 
spectrum measured at 303 K under excitation at 980 nm (62·W cm−2). (b) Power dependence 
on the thermometric parameter Δ. The dashed green line is the best fit of the experimental data 
to a straight line (r2 > 0.99), allowing to determine the value of Δ0 at T0 = 300.0 ± 0.1 K. (c) 
Temperature calculated from Equation S1 (x-axis) versus the temperature measured with a K-
type thermocouple (y-axis). The dashed red line is a guide for the eyes corresponding to x = y. 
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Fig. S9 Determination of the instantaneous Brownian velocity of 15 nm UCNPs dispersed 
in water (pH = 5.10 ± 0.01). (a) Illustrative denoising procedure applied to four reduced 
temperatures (symbols) recorded at positions x1 = 0.0 mm, x2 = 2.0 mm, x3 = 4.0 mm, and x4 = 
6.0 mm. The dashed lines are the denoised signal obtained through the DWT procedure, where 
the onset ti values are indicated. (b) Noise histograms (8 classes) from the curves in panel a. 
The dashed lines are the best fits to experimental data using Gaussian functions. It is possible 
to observe that the noise is nearly centered at zero, presenting a high coefficient of 
determination (r2 > 0.98) for all samples, indicating that it corresponds to an additive Gaussian 
noise. (c) Determination of the instantaneous Brownian velocity ν, corresponding to the slope 
(Δxi/Δti) of the straight line adjusted to the experimental data from panel a. The error bars in xi 
and ti are the uncertainty in the position of the moving stage from Fig. S7 (0.1 mm) and the 
integration time used for spectral acquisition (250 ms), respectively. 
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Fig. S10 Schematic representation of the calculation of the crossover temperature and its 
uncertainty (Tc ± δTc). The solid blue and red lines represent linear fits to the experimental 
data before and after Tc, respectively. The corresponding dashed lines depict the average 
deviation in the prediction of the Brownian velocity. 
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Fig. S11 Effect of pH on Brownian velocity of nanocrystals. pH dependence of the Brownian 
velocity of 24 nm, 52 nm, and 106 nm UCNPs. The lines are the best linear fits at each pH for 
T<Tc and the same linear fit for all the pH values for T>Tc (r2>0.98 for all samples). The pH-
dependent variation in the Brownian velocity of the 100 nm UCNPs with a silica shell was not 
assessed due to their lower colloidal stability for pH values different than 5.10. 
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Fig. S12 pH and zeta dependence of the crossover temperature. Crossover temperature as 
a function of the (a) pH and (b) |ζ| for the 24, 52, and 106 nm diameter UCNPs. The lines are 
guides for the eyes. 
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IX. Supplementary Tables

Table S1. Size, chemical compositions of the core and shell, density (ρn), mass concentration 
(ρc), and volume fraction (ϕ = ρc/ρn) of UCNPs dispersed in EtOH, D2O, and H2O. 

Solvent 
Size 
(nm) 

Core Shell 
ρn 

(kg·m–3) 
ρc 

(kg·m–3) 
ϕ 

(%) 

EtOH 
15 NaGdF4:Yb/Er(18/2%) NaGdF4 5,653 4.81 

0.085 

D2O 
H2O 

H2O 

24 NaYF4:Yb/Er(18/2%) NaYF4 4,384 3.73 
52 NaYF4:Lu/Yb/Er(40/18/2%) - 5,456 4.64 
64 NaYF4:Lu/Yb/Er(47/18/2%) - 5,616 4.77 
78 NaYF4:Lu/Yb/Er(47/18/2%) - 5,616 4.77 
100 NaYF4:Lu/Yb/Er(47/18/2%) SiO2 3,821 3.25 
106 NaYF4:Lu/Yb/Er(50/18/2%) - 5,685 4.83 

Table S2. TEM (d) and hydrodynamic (dH) diameters of the obtained UCNPs. The values of 
hydrodynamic diameters from DLS measurements correspond to the water-based nanofluids at 
pH = 5.10 ± 0.01. An excellent agreement was observed for the mean diameters reported by 
TEM and DLS. 

UCNP 
TEM diameter, d 

(nm) 

Hydrodynamic diameter, 
dH 

(nm) 
NaGdF4:Yb/Er(18/2%)@NaGdF4 15 ± 3 13 ± 5 

NaYF4:Yb/Er(18/2%)@NaYF4 24 ± 2 36 ± 8 
NaYF4:Lu/Yb/Er(40/18/2%) 52 ± 5 50 ± 7 
NaYF4:Lu/Yb/Er(47/18/2%) 64 ± 4 60 ± 8 
NaYF4:Lu/Yb/Er(47/18/2%) 78 ± 8 80 ± 12 

NaYF4:Lu/Yb/Er(47/18/2%)@SiO2 100 ± 9 90 ± 22 
NaYF4:Lu/Yb/Er(50/18/2%) 106 ± 10 93 ± 26 
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Table S3. Energy separation (ΔE), maximum Sr (Sm), minimum temperature uncertainty (δT), 
and corresponding temperature at which they occur for each nanofluid. 

Solvent 
Size 
(nm) 

ΔE 

(cm–1) 
Sm 

(%·K–1) 
δT 
(K) 

T 
(K) 

EtOH 
15 735 ± 3 1.15 

0.6 

303.0 ± 0.1 

D2O 0.3 
H2O 0.4 

H2O 

24 680 ± 11 1.07 0.5 
52 722 ± 9 1.13 0.4 
64 740 ± 12 1.16 0.4 
78 688 ± 8 1.08 0.5 
100 688 ± 8 1.08 0.5 
106 699 ± 10 1.10 0.5 
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(S1)

T is

temperature (T) that represents the rate of changes in as T changes. Therefore, if the

thermometric parameter varies linearly according to a linear function aT + b, with a and

b corresponding to the slope and intercept, respectively), T results in the slope of the line

and Sr can be described as:

(S2)

In this case, the uncertainty in Sr ( Sr) can be estimated by applying the general formula

of the propagation of uncertainties:

(S3)

a in the slope and the thermometric parameter,

respectively. This approach can be applied to evaluate the relative thermal sensitivity of the

peak position, which increases linearly as the temperature rises. When the total emission

intensity and the intensity ratio are used as thermometric parameters, increases or decreases

exponentially ( Aexp( T/B) C, with A, B, and C corresponding to the amplitude, decay

constant, and baseline offset, respectively). For these cases, Sr is calculated as follows:

(S4)

Taking into account the uncertainties arising from A), decay constant

B , the estimation of Sr through the formula of the propagation of uncertainties

can be written as:

(S5)
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7

In this sense, the estimation of Sr for the total emission intensity and the intensity ratio

approaches is given by:

(S6)

The second figure of merit commonly applied to assess the thermometric performance

T, in ºC), which describes

the smallest temperature that can be resolved by the thermometer, being calculated as:

(S7)

where relative uncertainty of the thermometric parameter. The uncertainty of Sr

can be estimated from Equations S3 or S6 depending on the response of and the

uncertainties of are obtained experimentally, as described in the Experimental Section of

the manuscript. Therefore, the T T) can also be obtained

T:

(S8)

Finally, the uncertainties in Sr T can be properly estimated. In this way, Figure S6

displays the thermal evolution in these two figures of merit calculated for the Ag2S NPs

dispersed in water and heavy water and their respective uncertainties. Additionally, Table S1

and Table S2 present the fitting parameters resulting from the temperature-dependent

thermometric parameters reported in Figure 6b of the manuscript.
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S1. Materials and methods

S1.1. Repeatability

The repeatability of the integrated emission intensity of EGFP is given by:[1]

(S1)

where is the total integrated emission intensity in each cycle and is the mean

value at each temperature. The values calculated with the data presented in Figure S1

are 99.94% and 99.92% at 303.0 K and 313.0 K, respectively.

Figure S1. Total integrated emission of EGFP in three consecutive heating/cooling thermal
cycles, between 303.0 and 313.0 K.
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S1.2. Photoluminescence spectroscopy experimental setup

Figure S2. (a) Scheme of the experimental setup used for measuring the temperature of the
aqueous suspension of EGFP. The temperature was controlled by using a sample holder coupled
to a water circulator. (b) UV LED peaking at 408 ± 7 nm used as the excitation source in the
photoluminescence experiments. (c) The UV beam profile was recorded with a CCD, with beam
radius and area of 0.59 mm and 1.09 mm2, respectively.
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S1.3. Spectral correction and thermometric analysis

S1.3.1. Spectral correction

The emission band of EGFP presents a broad spectral width, therefore the emission

spectra must be presented as a function of energy instead of wavelength.[2] For that

reason, the signal was converted from wavelength to energy:

(S2)

where E is the energy (in cm 1) and is the corresponding wavelength (in nm). Since

the conservation of energy must be taken into account, the intensity signal also needs to

be corrected as follows:

(S3)

where IE and I are the intensities as a function of energy and wavelength, respectively.

This is known as Jacobian transformation and the minus signal can be ignored because

it only shows that integration occurs in opposite directions in wavelength and energy.[3]

S1.3.2. Spectral deconvolution

The corrected emission spectra of EGFP were deconvoluted into two peaks (Figure S3)

by adjusting a sum of a Gaussian (Peak 1) and a Lorentzian (Peak 2) function:

(S4)

where is the corrected emission intensity, is the energy (in cm 1), is the baseline,

and are the areas and and are the average energies of Peaks 1 and 2,
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respectively. The parameter indicates the full width at half maximum ( ) of

Peak 2 while indicates the width of Peak 1.

Figure S3. The emission spectrum of EGFP at 283.0 K (green points) under excitation at
408 nm. The spectrum was fitted to a combination of a Gaussian (Peak 1) and a Lorentzian
(Peak 2) with r2>0.99. The black line represents the fit envelope and the corresponding residuals
are shown at the bottom part.

S1.3.3. Thermometric analysis

i) were defined from the fit parameters as

follows: intensity ratio ( ), peak energy of Peak 1 ( ), FWHM of

peak 1 ( ), peak energy of peak 2 ( ), and FWHM of peak 2

( ). The i and the corresponding i) are the averages and the

standard deviation values from 100 measurements per temperature, respectively. The

calculated as while the values of

Sr 3 from the manuscript.
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S1.3.3.1. Peak energy and energy shift

Despite both peak energy and energy shift can be used to describe the same

temperature-induced band shift of EGFP and Ag2S, each quantity presents a different

physical and mathematical meaning. The peak energy (sometimes referred to as peak

wavelength or peak position) describes the average absolute value of the energy

distribution resulting from an electronic transition while the energy shift (also known as

wavelength shift or peak shift) indicates the relative variation of this energy distribution

in a timeframe or temperature range. Since relative values of energy are smaller than the

absolute ones, a great improvement of Sr is expected if one uses energy shift instead of

the peak energy as a thermometric parameter. However, the energy shift must be only

used when its value is higher than the energy step (set by the experimental conditions).

Otherwise, the relative change in the energy shift ( ) tends to zero and,

consequently, Sr tends to infinite, which does not present any physical meaning. Note

that the energy shift at the reference energy equals zero, therefore this data point must

be disregarded, which is the disadvantage of using energy shift as a thermometric

parameter.

It is worth pointing out that the standard error of the fit cannot be used as the

uncertainty of the peak energy or energy shift when its value is smaller than the energy

step defined during the spectral acquisition. This is because the uncertainty cannot be

smaller than the minimum energy value measured by the spectrometer. The same

rationale applies to the determination of uncertainties in the measurements of emission

lifetimes (the uncertainty cannot be smaller than the time step of the measurements).

Figure S4 and Figure S5 present the thermometric performance of EGFP when

considering the values obtained from peak 1 in wavelength and energy units,

respectively. As expected, the results show that there is no difference in Sr and T values

when the calculation is performed in wavelength or energy units. However, the use of
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energy shift displays an improvement of 3 orders of magnitude in Sr when compared to

the same value obtained with peak energy.

Figure S4. Use of peak wavelength from peak 1 as thermometric parameter (a) and its relative
thermal sensitivity (b) and temperature uncertainty (c). Use of wavelength shift from peak 1 as
thermometric parameter (d) and its relative thermal sensitivity (e) and temperature uncertainty
(f). The values of peak 1 presented in wavelength units were retrieved before the Jacobian
transformation of the emission spectra of EGFP.
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Figure S5. Use of peak energy from peak 1 as thermometric parameter (a) and its relative
thermal sensitivity (b) and temperature uncertainty (c). Use of energy shift from peak 1 as
thermometric parameter (d) and its relative thermal sensitivity (e) and temperature uncertainty
(f). The values of peak 1 presented in energy units were obtained after the Jacobian
transformation of the emission spectra of EGFP.
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S1.4. Structural and colloidal characterization of EGFP

Figure S6. (a) Photograph of EGFP aqueous suspension at room temperature under UV light
exposure (365 nm) displaying its characteristic green emission. (b) The confirmed amino acid
sequence of EGFP.

Figure S7. (a) Hydrodynamic size distribution and (b) zeta potential of EGFP. The black lines
are the best fits for the hydrodynamic size (log-normal distribution) and zeta potential (Gaussian
distribution) data. The values of d
expected values.[4,5]
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S1.5. UV-Vis absorption spectroscopy

The UV-Vis absorption spectrum of the EGFP (Figure S8) presents a band centered at

280 nm, which is related to the characteristic absorption of the aromatic amino acids

phenylalanine, tryptophan, and tyrosine.[6] Moreover, the intrinsic absorption of both

anionic and neutral forms of EGFP is seen as a broadband with a maximum at 488 nm

and a shoulder between 350 and 450 nm, respectively, where the absorption of the

neutral form dominates the spectrum due to the higher pH of the aqueous medium.[7]

Figure S8. UV-Vis absorbance spectrum of the EGFP aqueous solution.
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S2. Multiple linear regression

2.1. Data fitting

When considering single parametric secondary thermometers (the great majority of the

examples proposed so far), a calibration curve is necessary to describe the thermometric

parameter as a function of the temperature ( f(T)).[8] In this sense, the thermometric

parameter is usually fitted to a linear trend through the least-squares method. The same

approach can be used when dealing with multiple parameters. However, describing

simultaneously multiple thermometric parameters as a function of temperature is not

feasible because each parameter presents a different magnitude. For that reason, distinct

thermometric parameters ( 1 2 n) are used to predict the reference temperature

from a thermocouple, i.e., T=f 1 2 n) in the multiple linear regression model

(MLR, Equation 1 of the manuscript).

The slopes and coefficient of determination are presented as and R2,

respectively, in MLR to avoid misinterpretations when comparisons to single linear

regression are made. Whereas in this latter case r2 the square of the sample correlation

coefficient between the observed outcomes and the observed predictor values should

be used, in MLR R2 the square of the coefficient of multiple correlation provides a

measure of how well the observed outcomes are replicated by the model. Nevertheless,

both single and multiple regression relies on the use of the least-squares method to find

the best fit. The contribution of each variable (thermometric parameter) to the predicted

value (temperature) in MLR is usually analyzed by taking the weighted values of ,

which are the standard scores (z-scores) of :[9]

(S5)
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where z is the z-scored value of each ( weight), and and are the mean value and

standard deviation of all the considered, respectively. In this sense, the weights

show how the temperature increases (in standard deviations) when a thermometric

parameter is increased by one standard deviation (assuming that the other thermometric

parameters are kept constant).

In its easier form, the MLR applied to nanothermometry is a linear combination of

multiple thermometric parameters that describes the average value of the temperature.

In this work, MLR was performed using a built-in function of MATLAB 2021a under

the license provided to the University of Aveiro. defined for EGFP

in the previous section were used as predictors (n = 5) and the temperature measured

with the thermocouple was used as a response variable.

2.2. Relative thermal sensitivity

The relative thermal sensitivity (Sr) of a thermometer is defined as . In order

to extend this definition to a multivariate linear analysis, we consider that the rate of

change of the temperature for each thermometric parameter ( ) is the slope of a

straight line, i.e. i. The corresponding Sr for a single thermometric parameter is then:

(S6)

If the multiparametric linear relation is defined using 2 thermometric parameters,

the corresponding calibration is represented in Figure S9 as the black arrow. The black

arrow results from the sum of the blue and red arrows, with a length given by the

Pythagorean theorem, which results in a relative thermal sensitivity of:
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(S7)

where n is the total number of i terms (n = 2 in the example illustrated in Figure S9).

Therefore, the Sr for a multiparametric system is given by rewriting the derivatives

using the i values:

(S8)

Figure S9. Schematic representation of MLR for the particular case of 2 thermometric
parameters. Notice that the black arrow (calibration curve) is given by the vectorial sum of the
red and blue arrows.
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2.3.Temperature uncertainty

T in the multiparametric thermal sensing was calculated from MLR as

follows, using the same rational followed for defining Sr:

(S9)

i i is the relative uncertainty in each thermometric parameter.
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2.4. Calibration of individual parameters and temperature differences

Figure S10. Correlation between the temperature measured with the thermocouple (x-axis) and
the temperature calculated (y-axis) from (a) , (b) , (c) W1, (d) W2, and (e) IR. The dashed
black lines are guides for the eyes corresponding to y=x.
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Figure S11. T) between the
temperature measured with the thermocouple and the temperature calculated through (a) E1, (b)
E2, (c) W1, (d) W2, (e) IR, and (f) MLR. The resulting histograms were adjusted to a Gaussian
distribution, with the best fit displayed by the dashed black lines. The reported T and
uncertainty values are the mean and standard deviation values from the fits, respectively.
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2.5. Fitting parameters

Table S1. Slopes (a), intercepts (b), and coefficients of determination (r2) of the temperature
i) from EGFP aqueous suspension.

i a b r2

IR (7.9 ± 0.3)×10 4 K 1 0.24 ± 0.01 0.993

(cm 1) 3.07 ± 0.03 cm 1 K 1 20393 ± 9 cm 1 0.999

(cm 1) 3.83 ± 0.03 cm 1 K 1 19697 ± 10 cm 1 0.999

W1 (cm
1) 2.39 ± 0.02 cm 1 K 1 108 ± 6 cm 1 0.999

W2 (cm
1) 0.96 ± 0.03 cm 1 K 1 1324 ± 8 cm 1 0.994

Table S2. Slopes ( ), intercept ( ), and coefficient of determination (R2) of the multiple
linear regression performed on EGFP aqueous suspension to predict the temperature by using
, , , , and as explanatory variables. The weighted value of is the z-scored

value of the slopes, given in standard deviations (unitless).
Fit parameter value weight R2

(K) (2.4 ±0.6)×103 -

0.999

(K) ( 2.3 ± 0.1)×102 1.79

(K cm 1) 0.23 ± 0.04 0.45

(K cm 1) 0.15 ± 0.04 0.45

(K cm 1) 0.02 ± 0.01 0.45

(K cm 1) 0.28 ± 0.04 0.45

Table S3. Slopes (a), intercepts (b), and coefficients of determination (r2) of the temperature
i) from Ag2S nanoparticles.

i a b r2

IR (1.58 ± 0.04)×10 2 K 1 3.9 ± 0.1 0.984

E (cm 1) 7.4 ± 0.1 K 1 10520 ± 33 K 0.995

Table S4. Slopes ( ), intercept ( ), and coefficient of determination (R2) of the multiple
linear regression performed on Ag2S nanoparticles to predict the temperature by using and
as explanatory variables. The weighted value of is the z-scored value of the slopes, given in
standard deviations (unitless).

Fit parameter value weight R2

(K) 1341 ± 80 -

0.998(K) 2.6 ± 0.4 0.71

(K cm 1) 0.13 ± 0.01 0.71
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S1.2. UV-Vis absorption spectroscopy

The UV-Vis-NIR absorption spectra of the QR codes were recorded in a

spectrophotometer (Lambda 950, Perkin-Elmer) at 298 K with a spectral resolution of 1

nm. Figure S2 shows that the obtained QR codes absorb light in the spectral region of

the 2H11/2
4I15/2 (IH) and

4S3/2
4I15/2 (IS) transitions of Er

3+. Since the light absorption

is not equal in the whole green spectral region, the determination of temperature through

the Boltzmann distribution in the IH and IS spectral regions is

not feasible.

Figure S2. UV-Vis absorption spectrum (blue) and emission spectrum under 980 nm
excitation at a laser power density of 40 W·cm 2 (pink) of the obtained QR codes at 298
K. The , , , and shadowed areas are the spectral regions corresponding to the
2H11/2

4I15/2,
4S3/2

4I15/2,
2H9/2

4I13/2, and
4F9/2

4I15/2 Er
3+ transitions, respectively.
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S1.6. Photoluminescence spectroscopy experimental setup

Figure S7. Scheme of the experimental setup used for measuring the power-dependent
emission spectra of the QR codes, and the corresponding temperature.

S1.7. Spectral analysis

S1.7.1. Spectral correction

The raw emission spectra of the QR codes were converted from wavelength to energy

units:

(S1)

where E is the energy (cm 1) and is the corresponding wavelength (nm). Since energy

and wavelength are inversely proportional, the wavelength step (d ) is not uniformly

spaced in the energy spectrum. For that reason, the intensity recorded in wavelength

units (I ) must be corrected to keep the conservation of energy valid after the conversion

of to E. Therefore, the energy-dependent intensity (IE) can be obtained as follows:

(S2)
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S1.8. Calculation of the laser power density

Figure S9. (a) Beam profile of the 980 nm CW laser used as excitation source at a
power density of 40 W·cm 2 and (b) the corresponding beam cross-section at 1/e2.

S1.9. Fitting parameters

S1.9.1. Size distribution

The hydrodynamic size distribution of the obtained NaGdF4:Yb
3+/Er3+ upconverting

nanoparticles was determined by adjusting the dynamic light scattering data to a log-

normal distribution:

(S4)

where y is the relative frequency, x is the diameter, xc is the center, A is the area, and w

is the natural logarithm standard deviation. The fitting parameters are presented in Table

S1.

Table S1. Center (xc), log standard deviation (w), area (A), and coefficient of determination (r2)
of the hydrodynamic size distribution of the NaGdF4:Yb

3+/Er3+ upconverting nanoparticles.

xc w A r2

170 ± 1 nm (3.79 ± 0.04)×10 1 nm 23.7 ± 0.2 arbitrary units 0.996
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The hydrodynamic diameter and uncertainty values reported in Figure 2b of the

manuscript correspond to the mean diameter and the

standard deviation values, respectively.

S1.9.2. Thermal calibration

The thermal calibration was performed by fitting a straight line to the data of the

thermometric parameter ( ) recorded as a function of the temperature measured with a

K-type thermocouple. The parameters of the fit are shown in Table S2.

Table S2. Slope (a), intercept (b), and coefficient of determination (r2) of the temperature
dependence of the thermometric parameter ( ) defined for the obtained QR codes.

a b r2

IH/IS (6.06 ± 0.09)×10 3 K 1 1.54 ± 0.03 0.998
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1 Motivation and state-of-the-art 

1.1 Introduction 

Undoubtedly, water stands as the quintessential liquid, holding fundamental significance in 

countless biological, chemical, physical, geological, industrial, and environmental processes [1-

6]. Indeed, the vital role of water extends to the point where it defines the parameters for 

investigating the potential existence of life beyond Earth [7]. Despite its ubiquity, understanding 

water remains a formidable challenge due to its complex nature under varying temperatures and 

pressures, setting its behavior apart from other common liquids, and yielding a myriad of 

anomalous properties that continue to intrigue and elude full comprehension. 

Many of the anomalies associated with water become apparent when its temperature is 

lowered below its freezing point (273 K), a phenomenon known as supercooling. Within this 

temperature regime, water remains in the liquid state at low temperatures (down to 230 K at 1 atm) 

[8]. Nevertheless, water anomalies are also observed at higher temperatures, including minimum 

specific heat capacity (c) at 308 K, negative values of thermal expansion coefficient (α) for 

temperatures below 277 K, and minimum isothermal compressibility (κT) at 319 K [9-12], as 

summarized in Table 1. 

Table 1. Anomalous properties of liquid water taking place at ambient conditions. 

Anomalous property 
Temperature 

of occurrence 
Definition Quantities involved 

Specific heat capacity 308 K 𝑐 = 𝑇 (
𝜕𝑆

𝜕𝑇
)

𝑃
S = entropy 

T = temperature 

P = pressure 

V = volume 

Thermal expansion coefficient < 277 K 𝛼 =
1

𝑉
(

𝜕𝑉

𝜕𝑇
)

𝑃

Isothermal compressibility 319 K 𝑘𝑇 = −
1

𝑉
(

𝜕𝑉

𝜕𝑃
)

𝑇

The simple existence of these anomalies is of paramount importance for the maintenance of 

life on Earth. For instance, the density maximum at 277 K along with the fact that ice is less dense 

than liquid water, have significant ecological implications. This unique property allows wintry 

lakes to freeze from the top down, establishing a crucial support system for aquatic life in cold 

regions. Additionally, the remarkable specific heat capacity of liquid water (c = 4.2 J∙g−1∙K−1 [13]) 
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plays a pivotal role in shaping the dynamics of Earth's climate, facilitating the efficient transport 

of heat from the tropics to the northern and southern latitudes, profoundly influencing the 

habitability of regions across the globe. 

These peculiar characteristics of liquid water are directly linked to its exceptional ability to 

form hydrogen bonds (H-bonds), a strong and directional intermolecular interaction. These bonds 

are arranged in a dynamic configuration, with water molecules predominantly adopting a 

tetrahedral arrangement, which is widely believed to be the underlying reason for water’s unusual 

properties. The constant breaking and reformation of H-bonds on a picosecond timescale [11, 14] 

introduce fluctuations in the local structure of liquid water, where water motifs with different 

densities emerge [12]. While both experimental and computational studies have provided 

substantial evidence for the existence of tetrahedral motifs with varying densities in water, 

interpreting these results has given rise to divergent explanations for the same experimental data 

[15-17]. Nowadays, two prominent schools of thought are dedicated to elucidating the anomalous 

properties of water in terms of its structural fluctuations. The first proposes that density 

fluctuations follow an unimodal distribution, as anticipated by continuous distribution models of 

water [15, 18, 19]. In contrast, the second argues that these anomalies arise from the coexistence 

of two distinct configurations of water molecules possessing distinct physical properties: a more 

organized tetrahedral motif and a more distorted structure [3, 11, 20]. These opposing viewpoints 

have been at the center of a vigorous debate over the past few decades, although the latter two-

state idea has garnered far more attention because it defies the prevalent notion of water as a 

homogeneous liquid [21]. 

1.2 Two-state model of water 

Although the concept may appear contemporary, the notion that liquid water comprises two 

different molecular organizations traces its origins back to the 19th century. In 1892, well before 

the recognition of the existence of the H-bonds, the German physicist Wilhelm Röntgen suggested 

that water consists of a mixture of two distinct coexisting phases [22]. Accordingly, cold water 

could be microscopically described as small icebergs floating in a fluid sea [2], whose relative 

ratio between them within the mixture depends on the pressure and temperature, which can trigger 

their interconversion. Fast forward to 1992, exactly a century later, Stanley and collaborators from 

Boston University reignited the discussions regarding this two-state paradigm in their seminal 
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work on the liquid-liquid phase transition (LLPT) hypothesis [23], highlighting the metastable 

behavior of liquid water. Nowadays, this two-state scenario appears very likely given that the 

coexistence of two structural motifs of water has been observed by both in silico [24-27] and 

experimental works [28-35], especially upon supercooling. 

In general, phase transitions occur when a substance transforms from one state to another 

while preserving its chemical composition. Hence, an LLPT implies the existence of different 

liquid states of water with distinct properties [36]. Phase transitions are classified as either 

continuous or discontinuous, depending on their thermodynamic behavior. A discontinuous phase 

transition involves the absorption or release of energy during a constant-temperature process, 

resulting in a discontinuity in entropy (S), known as latent heat 𝐿 = 𝑇∆𝑆, where T is the 

temperature. When it comes to water, discontinuous phase transitions are evident during processes 

such as melting (solid-liquid phase transition) and boiling (liquid-gas phase transition) [37]. 

According to Paul Ehrenfest [38], discontinuous phase transitions can also be referred to as first-

order transitions because they have discontinuities in the first derivatives of the Gibbs free energy 

(G). Otherwise, continuous phase transitions occur when L is not involved in the process and S 

changes continuously. A classic example of a continuous phase transition is the magnetization of 

ferromagnetic materials, which gradually decreases as temperature rises [39]. Following 

Ehrenfest’s classification (Table 2), continuous phase transitions are called second-order 

transitions because they have discontinuities in the second derivatives of G. 

 

Table 2. Comparison between discontinuous and continuous phase transitions, displaying their 

corresponding order transitions according to Ehrenfest’s classification. The quantities c, α, and κT 

were previously described in Table 1. 

Phase transition Ehrenfest’s classification Discontinuities 

Discontinuous First-order 

(
𝜕𝐺

𝜕𝑇
)

𝑃
= −𝑆 

(
𝜕𝐺

𝜕𝑃
)

𝑇
= 𝑉 

Continuous Second-order 

(
𝜕2𝐺

𝜕𝑇2
)

𝑃

= −
𝑐

𝑇
 

(
𝜕2𝐺

𝜕𝑃𝜕𝑇
) = 𝛼𝑉 

(
𝜕2𝐺

𝜕𝑃2
)

𝑇

= −𝑘𝑇𝑉 
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In this sense, according to the LLPT hypothesis, water exhibits a second critical point within 

the supercooled regime, marking a discontinuous, or first-order, phase transition between a low-

density phase (low-density liquid, LDL) and a high-density one (high-density liquid, HDL) [3, 11]. 

At the molecular level, the formation of the voluminous LDL occurs when water molecules in the 

first hydration shell arrange into an organized tetrahedral H-bonding network [40]. Conversely, the 

more tightly connected HDL appears when an additional molecule of water from the second 

hydration shell infiltrates the first shell, disrupting the LDL organization and creating a smaller 

and distorted H-bonding motif [40]. In this context, LDL motifs contribute to the formation of a 

more spacious H-bonding network, whereas the HDL motifs lead to a denser and more compact 

network, as illustrated in Figure 1. Direct observations of the LLPT pose considerable challenges 

due to the rapid crystallization of supercooled liquid water, which only exists in one state below 

215 K [41, 42]. Nevertheless, recent studies of isothermal volume changes in diluted polyol and 

trehalose aqueous solutions under varying pressure have provided empirical support for the 

existence of two states of water experiencing an LLPT [43, 44]. This corroborating evidence 

suggests that pure water also undergoes an LLPT between the metastable LDL and HDL states. 

 

 

Figure 1. Schematics of the three-dimensional arrangement of H-bonding networks of the (a) LDL 

and the (b) HDL states. The hydrogen and oxygen atoms of water molecules are depicted as white 

and red spheres, respectively. The dashed lines illustrate the H-bonds. Adapted from Reference 

[45]. 
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The LLPT hypothesis offers a fresh perspective for understanding the singular behavior of 

liquid water, particularly in the context of LDL and HDL motifs under varying pressure and 

temperature conditions, as depicted in the hypothetical phase diagram illustrated in Figure 2. 

Initially introduced by Poole, Sciortino, Essmann, and Stanley through molecular dynamics 

simulations [23, 46], this schematic representation has since been refined with theoretical and 

experimental findings [3, 11, 20, 47, 48]. This phase diagram portrays the liquid-liquid coexistence 

line, marking the crossover between LDL and HDL phases within regions of simple liquid 

behavior. In the supercooled regime, the Widom line (W) represents the extension of the 

coexistence line, effectively dividing the liquid phase into two distinct regions [48]. One region, 

situated at high temperatures and pressures, mimics the characteristics of the HDL state, while the 

other, found at low temperatures and low pressures, exhibits similarities to the LDL state. 

According to the LLPT hypothesis, the structural motifs of LDL and HDL persist in a mixed state 

near W. This means that one state can emerge within the regime primarily dominated by the other, 

owing to the significant rate of change between them [49]. 

Additionally, the phase diagram also includes the liquid-liquid critical point, where the 

presence of fluctuations on various length scales may give rise to locally spatially separated 

regions in the anomalous range. Notably, the amorphous solid states of LDL and HDL can exist at 

extremely low temperatures as low-density (LDA, low pressure) and high-density (HDA, high 

pressure) amorphous ice, respectively, primarily distinguished by their 20% density difference 

[45]. Remarkably, recent findings have unveiled the potential for the formation of medium-density 

amorphous ice under specific conditions of pressure and temperature [50]. This discovery indicates 

that the proposed phase diagram still has room for optimization and potential for further 

improvements. 
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Figure 2. Hypothetical phase diagram of liquid water showing the coexistence of LDL (blue) and 

HDL (red) domains near the W line. Below W, LDL dominates with fluctuations in HDL domains, 

whereas above W HDL dominates with LDL fluctuations. The white star represents the liquid-

liquid critical point. The farther away from the critical point one moves, the smaller the fluctuations 

become, as indicated by the size of the blobs. The black line delimits the so-called “funnel of life” 

at which water exhibits its unusual properties that are crucial to the maintenance of life. Adapted 

and modified from Reference [20]. 

 

Additional experimental evidence supporting the existence of inhomogeneous structures in 

liquid water and the fluctuations between HDL and LDL patches have emerged from various 

experiments, such as the isosbestic point observed in the temperature-dependent OH stretch Raman 

signal [51, 52], temperature-dependent infrared spectra of liquid water [53], optical Kerr effect 

measurements [54], and X-ray absorption and emission spectroscopy [14, 28-30, 55], although the 

coexistence of these fluctuations at ambient conditions and their implications remain elusive and 

controversial. The most popular methods employed to deliver experimental evidence regarding 

density fluctuations in liquid water rely on high-energy radiation, such as small-angle X-ray and 
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neutron scattering [14]. Unfortunately, these techniques are typically restricted to a length scale of 

approximately 1 nm, as depicted in Figure 3. Once these techniques only provide an average 

picture of the local structure of liquid water, unraveling the contributions of different water 

domains to the behavior of supramolecular structures dwelling in aqueous solutions of electrolytes 

and suspensions of biomolecules and inorganic materials becomes exceedingly challenging. These 

insights are fundamental to our understanding of biochemistry, as the conditions that support life 

as we know might be intricately linked to the coexistence of two distinct H-bond organizations 

within liquid water [1, 7, 56]. In this context, there is a strong demand for experimental techniques 

that can provide a microscopic elucidation of H-bond structures in liquid water and reveal their 

influence on the surrounding macroscopic world. 

In recent years, numerous research groups have risen to the challenge of investigating the 

temperature-dependent properties of aqueous solutions and suspensions, encompassing those 

containing metallic nanoparticles [57], semiconductors nanoparticles [58], trivalent lanthanide-

based materials [59-61], and organic molecules [62-64]. This endeavor has opened a new chapter 

in the quest to unveil the anomalous behavior of liquid water due to the striking resemblance of 

these results to those obtained for pure water, suggesting that these materials can serve as probes 

of the organization of the H-bonding networks of water molecules in their vicinity. What makes 

this approach particularly intriguing is that all the temperature-dependent properties examined 

exhibit a bilinear behavior marked by a crossover temperature (Tc). The values of Tc typically fall 

within the range of 320–330 K [56], aligning closely with the minimum value of kT observed for 

water. This correlation is attributed to the structural geometric transition from a more to a less 

organized tetrahedral arrangement, induced by density increases upon heating [31]. Thus, it stands 

to reason that Tc emerges due to the change in the volume between LDL and HDL motifs while 

increasing temperature. 
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Figure 3. Schematic representation of the length scales covered by different techniques used to 

investigate the anomalies of liquid water. The temperature dependence of the H-bond networks 

has been explored at different length scales. While X-ray and neutron scattering, numerical 

simulations, Kerr effect, dielectric, THz, UV-Vis, NMR, and Raman spectroscopies operate at the 

length scale of hydrogen atoms and water molecules, second harmonic (SH) imaging works at 

longer scales. Light scattering and luminescence thermometry, as shown in this thesis, could also 

be used up to a submicrometric length scale. 

 

While numerous reports have managed to distinguish between two states of H-bonding in 

liquid water, up until the beginning of this Ph.D. project, none of the previous research had 

successfully established a conclusive link between the emergence of Tc and the existence of the 

LDL and HDL domains. For instance, the first correlation between Tc and fluctuations between 

high-density and low-density liquid states was elucidated in   
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Manuscript 2 [65] through upconversion luminescence thermometry. This manuscript 

served as the cornerstone for the direction of this thesis, aiming at bridging the gap between the 

absence of experimental evidence regarding LDL and HDL motifs coexisting at ambient conditions 

and the need for more straightforward experimental methods to investigate them. Therefore, 

upconversion luminescence thermometry was herein chosen as a primary tool to evaluate low-to-

high density fluctuations in liquid water. 

 

1.3 Luminescence thermometry 

Using luminescence for performing thermal sensing is a clever approach because 

temperature changes strongly impact the light-emitting properties of luminescent materials [66-

68]. As the temperature rises, the additional thermal energy causes the nonradiative processes 

(phonons) to compete with the light emission from radiative ones (photons). This is translated as 

changes in the luminescent response, which, in turn, depends on the specific nature of the material 

employed. 

The most common effect of increasing the temperature of luminescent materials is a 

reduction in emission intensity. In this case, nonradiative processes become more pronounced, 

resulting in luminescence thermal quenching, as typically observed in organic dyes [69]. However, 

employing the temperature dependence from emission-based measurements comes with notable 

disadvantages, mainly arising from issues regarding samples’ photobleaching and drift of the 

optical excitation [70]. Consequently, as nonradiative decays are enhanced as temperature rises, a 

reduction in the emission lifetime is also observed [71]. Although emission lifetime remains 

independent of the concentration of the luminescent material within a certain range of 

concentrations where no chemical or physical interactions are observed between the light-emitting 

centers [72], assessing temperature dependence through lifetime-based methods relies on 

expensive optoelectronics to perform time-resolved measurements. 

To overcome these issues, ratiometric approaches are often employed because they rely on 

intensity ratios between two emission bands, which remain unaffected by local intensity 

fluctuations, concentration variations of the light-emitting centers, or fluctuations in the intensity 

of the excitation source, all while requiring less complex instrumentation [73]. In addition, 

temperature-induced spectral shifts typically occur due to the narrowing of the bandgap, resulting 

in a redshift of the peak energy [74]. Furthermore, as the temperature rises, the bandwidth of the 
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emission band may broaden due to increased thermal energy, which enhances vibrations within the 

material's crystal lattice [75, 76]. Although spectral shift and bandwidth approaches are useful for 

evaluating the temperature dependence of several luminescent materials, they are not commonly 

employed due to the smaller sensitivity to temperature variations in comparison to single intensity, 

intensity ratio, and lifetime-based approaches. 

Developing a new luminescent thermometer is a relatively straightforward process, where 

the measurement of the temperature through luminescence starts by defining a thermometric 

parameter (Δ) that establishes a correlation between temperature and changes in the emission 

spectra, which can encompass any of the aforementioned temperature-dependent luminescent 

properties. To facilitate the comparison of various luminescent materials regardless of the specific 

thermometric parameter employed, researchers rely on a figure of merit known as relative thermal 

sensitivity (Sr) [77]: 

𝑆𝑟 =
1

∆
|
𝜕∆

𝜕𝑇
| ( 1 ) 

where 𝜕∆/𝜕𝑇 indicates the change of Δ concerning the temperature T (also referred to as absolute 

sensitivity, Sa). The value of Sr is the absolute value of Sa normalized by the magnitude of Δ, 

allowing for quantitative comparisons between different materials, which is expressed in units of 

percentage change per unit of temperature change (%∙°C−1 or %∙K−1). 

Another essential figure of merit employed to evaluate the temperature accuracy in 

luminescence thermometry is the uncertainty in temperature δT [78]: 

𝛿𝑇 =
1

𝑆𝑟

𝛿∆

∆
 ( 2 ) 

here, δT is the smallest temperature that can be reliably measured by the luminescent thermometer. 

It mostly depends on δΔ, which corresponds to the uncertainty in the determination of Δ, where 

𝛿∆/∆ indicates the relative uncertainty of Δ. In the pursuit of an optimal luminescent thermometer, 

researchers aim to maximize Sr and reduce δT. Several approaches can be used to accomplish this, 

including the design of brighter materials or the development of higher-sensitivity detectors to 

reduce 𝛿∆/∆, thus diminishing δT. Additionally, engineering luminescent materials or adopting 

alternative methods for describing Δ can lead to improvements in Sr. Recently, significant efforts 

have been made to employ materials exhibiting multiple temperature-dependent luminescent 
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properties [79-82], an alternative approach that can be further improved to describe Δ through 

multiparametric equations, reaching a remarkably tenfold improvement in both Sr and δT, as firstly 

explored in Manuscript 6 [83]. 

Luminescent thermometers are usually sorted into different categories to help in selecting 

the best thermometer for a specific application. The most important categorization evaluates the 

relationship between Δ and the thermal calibration method, where luminescent thermometers are 

classified either as primary or secondary [84]. Primary thermometers rely on well-established 

thermodynamic laws and quantities, providing reliable temperature readouts without requiring 

additional calibration against a temperature reference. However, their Sr values are typically as low 

as 1.0 %∙K−1. In contrast, Sr values of secondary thermometers are usually higher than 3.0 %∙K−1 

[85], although they require calibration with a reference thermal probe, mainly when changing from 

one operating medium to another. Hence, the classification as primary or secondary does not mean 

that the latter is less reliable than the first one, where the choice between them depends entirely on 

the specific requirements of the desired application. 

Although there are plenty of luminescent materials that can be used for designing primary 

or secondary luminescent thermometers, such as fluorescent polymers [86, 87], organic dyes [88], 

fluorescent proteins [89], quantum dots [90], and metal-organic frameworks [91], lanthanide-based 

materials offer greater advantages [92]. This is attributed to their singular electron configuration, 

which gives rise to exceptional optical properties that make them suitable for performing 

temperature readouts across a wide range of temperatures, spanning from cryogenic temperatures 

(< 100 K) up to physiological conditions (298–323 K). This becomes evident when examining the 

temperature-dependent luminescent properties of various lanthanide-based materials, including 

Pr3+ [93], Nd3+ [76], Sm3+ [94], Eu3+ [95], Tb3+ [96], Ho3+ [97], Er3+ [84], and Tm3+ [98] ions 

embedded into different host matrices. As a result, lanthanide-based materials have found 

widespread applications in the development of luminescent thermometers, from medical to 

industrial processes [99]. Hence, it is imperative to gain a thorough understanding of the properties 

that make lanthanides such a great deal for luminescence thermometry. 

 

1.3.1 Lanthanide ions for luminescence thermometry 

The group of elements known as lanthanides (Ln) consists of a set of 15 chemically similar 

elements belonging to the f-block of the periodic table, with their atomic numbers spanning from 
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57 (lanthanum, La) to 71 (lutetium, Lu). Lanthanides have a generic electron configuration of 

[Xe]4fn5d16s2, with the gradual filling of the 4f orbitals, where n varies from 0 to 14 (La–Lu). The 

trivalent Ln ions (Ln3+) present the electron configuration [Xe]4fn, which is the most stable 

oxidation state in aqueous solutions. The electron configuration of Ln3+ ions is responsible for 

unique optical properties, as the filled 5s2 and 5p6 orbitals shield the 4f electrons from interactions 

with the surroundings [100], as observed in Figure 4. As a result, 4f orbitals do not directly 

participate in chemical bonding, where the spectral profile of Ln3+ is weakly affected by the crystal 

field, giving rise to fingerprint emission bands characterized by a high color purity [101, 102]. 

Another consequence is that intraconfigurational 4f-4f transitions occur due to the partially filled 

4f-shell, resulting in narrow absorption and emission bands (< 10 nm), high luminescence quantum 

yields, long emission lifetimes (up to 1 ms), and luminescence ranging from ultraviolet (UV) and 

visible (Vis) to near-infrared (NIR) spectral regions [100]. Due to these outstanding optical 

properties, Ln3+ ions have been widely used in various areas of interest, where cancer diagnosis 

and therapy [103], light generation and amplification in lasers [104], waveguides and optical fibers 

[105, 106], biosensors [107], and bioimaging [108] are just a few of the possible applications. 

 

 

Figure 4. Radial distribution probability densities (D(r) = r2R(r)2, where R(r) is the radial wave 

function) as a function of the radius (r) for the 4f, 5s, 5p, 5d, 6s, and 6p electrons of neodymium 
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atoms (Nd, Z = 60, [Kr]4d105s25p66s24f45d06p0). The shadowed area highlights the shielded 4f 

electrons. Adapted from Reference [109]. 

 

Intraconfigurational transitions are typically forbidden according to Laporte's selection rule, 

as they do not involve a change in the parity of electrons. However, 4f-4f transitions are partially 

allowed for Ln3+ embedded in a host matrix due to the influence of the crystal field effect, which 

induces the mixing of 4f levels with higher energy levels. As a consequence, these transitions are 

observed in absorption and excitation spectra as bands with low molar absorptivity coefficients ε 

(1<ε<10 L∙mol−1∙cm−1 [110]), making the direct excitation of Ln3+ inefficient, resulting in low-

intensity emissions. To overcome this limitation, doping low-symmetry and low-phonon-energy 

crystalline host matrices with Ln3+ may enhance the likelihood of 4f-4f transitions [111]. 

Lanthanide halides exhibit low phonon energies, with values of 175 and 260 cm−1 for LaBr3 

and LaCl3 [112, 113], respectively, nonetheless, they are highly hygroscopic and water-soluble 

[113], hindering their efficiency as host matrices for Ln3+. Conversely, lanthanide oxides and 

phosphates offer high chemical stability, although their phonon energies are relatively high, as 

observed for Y2O3 (600 cm−1), Gd2O3 (700 cm−1), and LaPO4 (1050 cm−1) [114-116]. In this case, 

the sensitization of the luminescence is not efficient because nonradiative decays are facilitated by 

phonons, resulting in the relaxation of the Ln3+ excited states. For these reasons, lanthanide 

fluorides are frequently the preferred choice as a host matrix for Ln3+ doping due to the 

combination of low phonon energy (ca. 350 cm–1 [117]) and excellent chemical stability. 

Additionally, cations such as Na+ and Y3+ have similar radii to Ln3+ dopants, reducing the 

occurrence of crystal defects and lattice stress during the synthesis [118]. For these reasons, sodium 

yttrium fluoride (NaYF4) stands out as the most used host matrix in the synthesis of Ln3+-doped 

nanoparticles [119]. While these nanoparticles typically exhibit a size distribution due to 

nanocrystal growth variations during synthesis, which may vary from batch to batch, the inorganic 

nature of Ln3+-doped nanoparticles enhances their thermal and photostability, making them 

suitable for long-term light exposure [116]. 

 

1.3.1 Upconversion luminescence thermometry 

Beyond their particular optical properties, a select few Ln3+ ions offer the unique ability to 

observe unusual light-emitting processes, such as upconversion. Upconversion is a nonlinear 
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optical phenomenon that enables the conversion of low-energy excitation (longer wavelengths, 

e.g., NIR) into high-energy emission (shorter wavelengths, e.g., UV-Vis [120]). This remarkable 

capability arises from the ladder-like energy level structure of Ln3+ and their long-lasting emission 

lifetimes, allowing the sequential absorption of multiple low-energy photons [121]. The multiple 

absorption occurs from the ground state to an excited state through intermediate ones, resulting in 

higher-energy upconverting anti-Stokes emission during the relaxation [122]. The upconversion 

mechanism can manifest within individual ions or through energy transfer between ion pairs, 

involving a sensitizer and an activator. 

To produce Ln3+-doped upconverting nanoparticles (UCNPs), it is essential that the host 

matrix display transparency to both the excitation and emission wavelengths, besides exhibiting 

low phonon energy to minimize nonradiative relaxations. This is because, the narrower the energy 

gap between two emitting levels (or the greater the energy of phonons), the higher the likelihood 

that multiphonon emission can bridge this gap, thus increasing the probability of non-radiatively 

transitioning excited electrons to a lower energy state [123]. This is particularly pertinent when 

dealing with scenarios requiring the conversion of three or more photons. Considering these 

requirements, NaYF4 once again emerges as an optimal host matrix for the synthesis of Ln3+-doped 

UCNPs [113]. 

Commonly, Nd3+ and Yb3+ are employed as sensitizers because they present absorption 

bands in the NIR peaking around 808 and 980 nm, respectively. These absorption bands match the 

electronic energy gap of activator ions, facilitating the multiphoton absorption. Additionally, Nd3+ 

and Yb3+ display large absorption cross-section values of ⁓10−19 cm2 (808 nm) and ⁓10−20 cm2 

(980 nm), respectively, enhancing the efficiency of the NIR absorption [122]. Other Ln3+ such as 

Pr3+, Ho3+, Er3+, and Tm3+ are usually employed as activators because they display different 

emission spectra, which can be used for fine-tuning the luminescent response in the UV-Vis 

spectral range upon NIR excitation [122]. The Yb3+/Er3+ pair is typically used for synthesizing 

UCNPs because the excitation can be performed through the 2F7/2→
2F5/2 transition of Yb3+ 

(sensitizer) by using a 980 nm laser diode. Moreover, energy transfer from Yb3+ to Er3+ (activator) 

can occur, eventually reaching the 4F7/2 and 2H11/2 excited levels by two-photon absorption, giving 

rise to the emission in the Vis spectral range [118]. 



241 

 

Once the energetic separation ΔE between the 2H11/2 and 4S3/2 emitting levels of Er3+ is 

relatively small, it allows a thermal-induced population redistribution according to the Boltzmann 

statistics: 

∆=
𝐼20

𝐼10
=

𝐴20𝑔2

𝐴10𝑔1
exp (

−∆𝐸

𝑘𝐵𝑇
) = 𝐵 exp (

−∆𝐸

𝑘𝐵𝑇
) ( 3 ) 

where Δ is the beforementioned thermometric parameter, I20 and I10 are the emission intensities 

from the 2H11/2→
4I15/2 (|2⟩→|0⟩) and 4S3/2→

4I15/2 (|1⟩→|0⟩) transitions of Er3+, respectively, A is 

Einstein’s coefficient for spontaneous emission from the excited states to the ground state (|2⟩ and 

|1⟩ to |0⟩), g is the degeneracy of each state, kB is the Boltzmann constant, T is the absolute 

temperature, and ΔE ≈ 750 cm–1 [78, 124]. It is important to recall that, despite usually misreported 

in the literature, the intensities I20 and I10 do not depend on the emission energies ωℏ20 and ωℏ10, 

respectively, because nowadays, commonly employed spectrofluorometers use single photon 

counting detectors [124, 125], where the intensity is measured as the average number of photon 

counts per second (s−1). For this reason, the pre-exponential factor B is described as the ratio 𝐵 =

𝐴20𝑔2

𝐴10𝑔1
. Noteworthy, if the depopulation of the levels |2⟩ and |1⟩ involves other energy levels than 

|0⟩, Equation 3 must be corrected by the ratio β20/β10, where β is the branching ratio (i.e., the 

fraction of the total emission from |2⟩ and |1⟩ to |0⟩ [78]). 

Typically, the Boltzmann distribution is a good description of the emission intensity ratio 

when two emitting energy levels present ΔE between 200 and 2000 cm–1. Within this ΔE range, 

these levels are close enough to undergo thermalization, reaching a thermodynamical quasi-

equilibrium state, which is the reason why they are considered thermally coupled [78]. Virtually, 

any Ln3+ featuring thermally coupled levels meets the requirements for performing luminescence 

thermometry based on the Boltzmann statistics (Figure 5). Nevertheless, the criteria for fulfilling 

this relationship include the thermodynamic considerations stated above and also the kinetic ones 

due to the order of magnitude of the thermalization rates for the relevant emitting levels, as 

elegantly discussed in the work of Suta and Meijerink [124]. 

It is noteworthy that in the specific context of Boltzmann-based luminescent thermometers, 

Equation 1 transforms into 𝑆𝑟 = ∆𝐸 𝑘𝑏𝑇2⁄ , where the relative thermal sensitivity depends on both 

the energetic separation between the thermally coupled levels and the temperature. When the 

temperature range is limited, ΔE remains nearly constant and Sr is primarily determined by T. 
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However, it is crucial to emphasize that at lower temperatures, there is not sufficient thermal energy 

to populate the upper-emitting energy level. Moreover, with a larger ΔE, higher temperatures 

become necessary to overcome the energy separation between the emitting levels. For these 

reasons, appreciable thermal response can be achieved in various temperature ranges by selecting 

Ln3+ exhibiting thermally coupled levels with distinct ΔE, as illustrated in Figure 5 and given by 

[124]: 

∆𝐸

(2 + √2)𝑘𝐵

≤ 𝑇 ≤
∆𝐸

2𝑘𝐵
 ( 4 ) 
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Figure 5. Thermally coupled levels of (a) Pr3+, (b) Nd3+, (c) Sm3+, (d) Eu3+, (e) Dy3+, (f) Er3+, and 

(g) Tm3+. Here, Boltzmann statistics were explored for Er3+ and Pr3+. Adapted from Reference 

[92]. 

In the specific scenario involving Er3+, the thermally coupled 2H11/2 and 4S3/2 emitting levels 

enables to apply Equation 3 for determining the temperature of the medium in which the UCNPs 

are dispersed, as Δ=I20/I10, kB, and ΔE are known values. Interestingly, the parameter Δ can be 

written as Δ0 in the absence of laser-induced heating [84]: 
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∆0= 𝐵 exp (
−∆𝐸

𝑘𝐵𝑇0
) ( 5 ) 

where T0 corresponds to the room temperature. This is possible because, without the heating 

induced by the laser excitation, the temperature of the material used as a thermometer is the 

temperature of the environment in which it is placed, according to the Zeroth law of 

thermodynamics. Despite the value of the constant B can be calculated by the Judd-Ofelt theory 

[126, 127], it is not necessary here because it is possible to combine Equations 3 and 5, and thus 

the absolute temperature can be determined directly from the ratio Δ/Δ0: 

1

𝑇
=

1

𝑇0
−

𝑘𝐵

Δ𝐸
ln (

Δ

Δ0
) ( 6 ) 

By using Equation 6, the prediction of the temperature is performed by using a well-defined 

equation of state without unknown or significantly temperature-dependent values [128]. In this 

Boltzmann-derived approach, no prior knowledge of B is required and ΔE is calculated in a non-

temperature-dependent way. Because Δ0 and T0 correspond to experimentally measured values that 

are obtained apart from any calibration or fitting procedures, they work as scaling/normalization 

factors rather than a calibration process, where this thermometric approach matches the concept of 

primary thermometers. In this context, UCNPs containing Yb3+/Er3+ present themselves as 

luminescent primary thermometers due to the intrinsic thermal-sensing ability of Er3+ upon 980 nm 

excitation. For these reasons, the most successful cases of using thermally coupled levels to 

perform upconversion luminescence thermometry are based on the Yb3+/Er3+ ion pair, whose 

partial energy levels diagram is schemed in Figure 6. 
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Figure 6. (a) Partial energy level diagram of Yb3+ and Er3+ ions showing the absorption of Yb3+ 

under 980 nm excitation, depicting the energy transfer from Yb3+ to Er3. The zoomed region 

depicts the thermally coupled levels of Er3+. Solid lines indicate radiative transitions, dashed lines 

are cross-relaxation processes, curly arrows display nonradiative decays, and the dotted line 

represents nonradiative energy transfer. (b) Upconverting emission spectrum of NaYF4:Yb3+/Er3+ 

(18%/2%) UCNPs with 52 nm in diameter upon continuous-wave laser excitation at 980 nm 

(power density = 62 W∙cm−2). The radiative transitions of Er3+ are assigned to their corresponding 

emission bands, matching the solid lines shown in panel a. 

 

On top of the aforementioned advantages of using UCNPs for luminescent primary thermal 

sensing, the choice of this kind of material offers the benefit of mapping the local temperature in 

the vicinity of the nanoparticles. This particular feature enables the access of thermal events taking 

place even at nano- and submicrometric scales [129], a spatial resolution that cannot be achieved 

by using conventional thermometers. For these reasons, this thesis primarily concentrates the 

efforts on employing aqueous suspensions of NaYF4 UCNPs co-doped with Yb3+ and Er3+ 

(NaYF4:Yb3+/Er3+) as a reliable tool for investigating low-to-high density fluctuations in liquid 

water. Through temperature measurements, valuable insights can be gained concerning the 

coexistence of HDL and LDL at standard conditions of pressure and temperature. 

 

1.4 Brownian motion 

Although working with particles or nanoparticles suspended in a liquid seems a tedious 

trivial task, lots of actions are happening because particles suspended in a liquid are never 
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stationary. This exciting microscopical adventure was first described in 1827 by the Scottish 

botanist Robert Brown, who observed that small particles suspended in a fluid display erratic, 

seemingly stochastic movements [130]. The understanding of this curious behavior remained 

elusive for nearly eight decades until the early 20th century, when Albert Einstein [131], William 

Sutherland [132], and Marian Smoluchowski [133] laid the theoretical foundation to explain this 

behavior. Today, we refer to this random movement as Brownian motion, a phenomenon mainly 

driven by the interactions between solvent molecules themselves and with the suspended particles. 

These interactions keep the particles suspended and cause them to move spontaneously without 

any apparent external force. 

While both diffusion and Brownian motion involve thermal motion, diffusion can be 

described as the net movement of fluid due to thermal gradients (thermal diffusion or the Soret 

effect) whereas the Brownian motion describes the diffusion of particles presenting at least one 

dimension smaller than 1000 nm [134]. Although Einstein contended in 1907 that the time scale 

for measuring the instantaneous Brownian velocity was too short [135], recent technological 

advancements have paved the road to measuring the velocity of Brownian particles with 

remarkable temporal and spatial resolution. 

The upsides of using luminescent nanoparticles in this case lie in the capacity to leverage the 

temperature-dependent luminescence properties to gain insights into their thermal motion, thus 

converging luminescence thermometry with Brownian motion. This was nicely demonstrated by a 

couple of recent works published by Brites et al. [136] and Lu et al. [137], which highlight the 

possibility of using NaYF4:Yb3+/Er3+ UCNPs to measure the Brownian velocity through 

upconversion luminescence thermometry and optical tweezers, respectively. The feasibility of 

using the light-emitting properties of UCNPs to assess their thermal motion presents exciting 

opportunities for investigating the temperature dependence of the H-bond network. This is 

because, after understanding that the Brownian motion of a particle is intricately linked to the 

properties of its surrounding liquid, such as viscosity and temperature [138], the measurement of 

the Brownian velocity of UCNPs suspended in water would allow delving deeper into the 

structural aspects of water and its associated anomalous properties. Moreover, the temperature-

dependent Brownian velocity of UCNPs may also be sensitive to the identification of Tc in water 

suspensions, making it possible to study low-to-high-density liquid fluctuations. 
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1.5 Contributions of this thesis to the state-of-the-art 

To evaluate the anomalous behavior of liquid water at ambient conditions, this thesis focuses 

its attention on examining structural fluctuations between HDL and LDL water motifs by using 

luminescence thermometry as a reliable tool. In Manuscript 1, the Brownian velocity of UCNPs 

dispersed in water and other solvents containing H-bonds was investigated, revealing that is 

possible to replicate the influence of temperature and pressure on the HDL and LDL H-bond 

networks by precisely controlling both the nanoparticle size and the pH of the aqueous medium. 

These findings provide experimental evidence supporting the predictions in the hypothesized 

phase diagram of liquid water presented in Figure 2. Within nanofluids, the local environment 

around nanoparticles exerts a significant influence on their physical-chemical properties, being 

different from bulk due to interaction with the particle surface. Manuscript 1 underscores the 

substantial impact of these interactions, serving as compelling evidence of this effect for the 

specific example of luminescent nanoparticles. It demonstrates that the versatility of UCNPs, with 

their customizable dimensions and surface properties, renders them indispensable instruments for 

experimentally quantifying the HDL/LDL proportion in the hydration water surrounding particle 

surfaces. Moreover,   
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Manuscript 2 [65] shows that the unusual bilinear trend observed in the temperature-

dependent Brownian velocity of UCNPs is attributed to two motion regimes of the UCNPs, 

wherein UCNPs move slower for T<Tc due to the higher proportion of voluminous LDL motifs, 

while they move faster for T>Tc because all LDL motifs were already converted into HDL ones. 

This interpretation is corroborated by molecular dynamic simulations, which shed light on the 

distortion of the tetrahedral arrangement of water molecules as temperature increases. 

The peculiar behavior of liquid water can significantly impact the thermometric capabilities 

of other luminescent nanoparticles, as demonstrated in   
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Manuscript 3 [58]. Given water’s strong NIR absorption, the luminescence of silver sulfide, 

a highly sensitive secondary luminescent thermometer employed for in vivo applications, 

experiences drastic distortions. This compromises its thermometric performance when performing 

temperature readouts in biological aqueous media. Additionally,   
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Manuscript 3 highlights the less anomalous behavior of heavy water in contrast to regular 

water, which was also observed and discussed in Manuscript 1. 

Although NaYF4 provides a chemically stable host matrix for developing upconverting 

nanoparticles, the Yb3+/Er3+ pair can also be embedded into different classes of materials to design 

primary luminescent thermometers, as explored in Manuscript 4 [139]. Indium-based halide 

perovskites co-doped with Yb3+/Er3+ demonstrate not only low cytotoxicity in L929 murine 

fibroblast cells but also exceptional thermal stability up to 500 °C, paving the road for using them 

in biomedical contexts. In addition, Manuscript 5 [140] introduces the possibility of extending 

the scope of primary luminescent thermometers to include other trivalent lanthanide ions besides 

Er3+, underscoring the inherent thermal sensing capability of Pr3+. Choosing Pr3+ over Er3+ for 

luminescent primary temperature sensing offers a significant advantage, allowing the use of a low-

intensity Xe lamp as the excitation source and minimizing temperature deviations associated with 

laser-induced heating observed in upconverting approaches. 

Irrespective of whether a luminescent thermometer is classified as primary or secondary, the 

primary objective of designing new luminescent thermometers remains the same: enhancing the 

relative thermal sensitivity while minimizing temperature uncertainty. Among the various 

strategies aiming to achieve this, Manuscript 6 pinpoints the advantage of integrating 

multiparametric luminescence thermal sensing with multiple regression analysis [83]. This 

combination enhances the reliability and precision of thermal measurements for in vivo 

applications, resulting in a remarkable tenfold improvement in both Sr and δT. Beyond providing 

contactless measurements of temperature, luminescence thermometry opens up new avenues for 

incorporating additional layers of information into everyday devices. This potential is elegantly 

illustrated in   
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Manuscript 7 [141], where the incorporation of UCNPs within a QR code platform leads to 

the development of a luminescent smart label. This smart label is capable of providing distinct 

color and temperature outputs upon NIR excitation. Additionally, this manuscript introduces an 

innovative approach to addressing plastic waste concerns, demonstrating the feasibility of using a 

solvent derived from renewable sources to print luminescent QR codes.  
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2 Objective and organization of the thesis 

2.1 Objectives 

The primary goal of this thesis was to assess high-to-low-density liquid water fluctuations 

by using luminescence thermometry. To achieve this, comprehensive structural, optical, and 

thermometric characterization of various luminescent materials was performed. To fulfill the main 

objective of this thesis, the following secondary goals were established: 

i) Evaluate the reliability of the Brownian velocity of upconverting nanoparticles in

probing density fluctuations between two liquid states of water.

ii) Identifying how the singular behavior of liquid water impacts the performance of

luminescent thermometers.

iii) Enhance the performance of luminescent thermometers either through the

development of new materials or the proposal of novel analysis methodologies.

2.2 Organization 

This thesis consists of seven original research manuscripts along with their corresponding 

supporting information. The first manuscript has been submitted and is still under the referees' 

evaluation while the other six manuscripts have already been peer-reviewed and published in 

scientific journals with worldwide recognition. The documents within this thesis are presented in 

a thematic organization rather than following a strict chronological order. 

A supplementary report was written following Articles 63 and 64-1 in compliance with the 

University of Aveiro Studies Regulations. The overall organization of the supplementary report is 

divided into five chapters. In Chapter 1, the state-of-the-art is presented, overviewing the 

anomalous behavior of liquid water that motivated the development of this work. Chapter 2 

outlines the goals and the overall organization of this thesis. In Chapter 3, the contributions of the 

author to each research manuscript are summarized and identified. At least, Chapter 4 summarizes 

the main conclusions drawn from the research carried out, while Chapter 5 provides perspectives 

about this work. 
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3 Relevance and original contributions 

3.1 Manuscript 1 

Title: Deciphering density fluctuations in the hydration water of Brownian nanoparticles via 

upconversion thermometry 

Summary: We investigate the intricate relationship between temperature, pH, and the Brownian 

velocity in a spectrum of differently sized upconversion nanoparticles (UCNPs) dispersed in water. 

These UCNPs, acting as nano-rulers, offer insights into assessing the relative proportion of high-

density and low-density liquid in the surrounding hydration water. The study reveals a size-

dependent reduction in the onset temperature of liquid-water fluctuations, indicating an augmented 

presence of high-density liquid domains at nanoparticle surfaces. The observed upper-temperature 

threshold is consistent with a hypothetical phase diagram of water, validating the two-state model. 

Moreover, an increase in pH disrupts water molecule organization, similar to external pressure 

effects, allowing simulation of the effects of temperature and pressure on hydrogen bonding 

networks. The study highlights the versatility of UCNPs as tools to quantify high-to-low-density 

liquid ratios and sheds light on the intricate interplay between water and diverse interfaces. The 

findings underscore the significance of the surface-to-volume ratio in suspended nanoparticles or 

biomolecules for understanding liquid fluctuations and water behavior at charged interfaces. 

Novelty: 

• The Brownian velocity of 15-nm size nanoparticles dispersed in water, heavy water, and

ethanol (so-called nanofluids) was measured, elucidating why the Brownian velocity of the

nanoparticles decreases as the solvent density increases.

• The bilinear dependence of the Brownian velocity of the nanoparticles in water was

explained. This is attributed to the presence of two distinct motion regimes, regardless of

the size of the particles. For temperatures lower than a crossover temperature (Tc < 330 K),

interpreted for the first time explicitly as the onset temperature of high-to-low density

liquid water fluctuations, there are HDL fluctuations into more voluminous LDL regions

within the HDL dominant phase. Consequently, this gives rise to a greater effective mass
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of the nanoparticles, resulting in lower Brownian velocity values. Conversely, when Tc > 

330 K, the density fluctuations cease because all LDL motifs were already converted into 

HDL ones. 

• A pronounced reduction in the Tc values of the nanofluids was observed as the diameter d

of the nanoparticles increased. As this value progressively decreases, Tc asymptotically

converges towards a limiting value of 331.2 ± 0.2 K. This temperature is interpreted as the

onset temperature of the fluctuations between high- and low-density liquid states in pure

water (d = 0). Remarkably, this upper-temperature threshold for fluctuations in the region

dominated by HDL domains at ambient conditions agrees with previously published data

from the hypothetical phase diagram of water under ambient conditions, 325.0 ± 1.0 K.

The experimental observation can, thus, support the previous estimation of the upper limit

of the “funnel of life” (the region in the abovementioned phase diagram at which water

exhibits its unusual properties that are crucial to the maintenance of life).

• The reduction in the Tc values of the aqueous nanofluids, as compared to pure water, was

attributed to a decrease in high-to-low-density liquid water fluctuations. This decrease

results from the prevalence of a higher concentration of HDL patches relative to LDL

regions within the nanofluid volume, which move cooperatively with the nanoparticles.

Notably, this result corroborates previous molecular dynamics findings about the

HDL/LDL proportion in the hydration water of the lysozyme protein (defined as the water

molecules encompassing the protein within a 0.6 nm shell). This is the first experimental

evidence pointing out changes in the HDL/LDL proportion in aqueous solutions of

electrolytes and suspensions of biomolecules and inorganic materials, compared to pure

water.

• Increasing the pH of the aqueous nanofluids disrupted the tetrahedral organization of the

LDL regions, akin to the impact of external pressure on pure water. Therefore, raising the

pH of the aqueous nanofluids is an ingenious strategy for evaluating the microscopic

changes in its H-bond networks by effectively simulating a pressure-like effect.

• Through precise control of both the nanoparticle size and pH levels of the medium, it was

possible to simulate the effects of temperature and pressure on the HDL and LDL H-bond

networks, mirroring the predictions in the abovementioned hypothesized phase diagram.
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• A decrease in the Brownian velocity of the nanoparticles was observed upon rising pH, 

resulting in the concomitant decrease in the Tc values. This indicates that low-to-high-

density liquid fluctuations at the surface of the UCNPs cease at lower temperatures in basic 

media, compared to an acidic one. This dependence was explained by considering the 

influence of pH on the surface charge of the nanoparticles. 

• While previous experiments have successfully demonstrated how surface charge can 

influence the structure of water near an interface and how pH adjustments can be employed 

to investigate this effect, the findings of this work represent the first experimental result 

revealing a direct correlation: the higher the surface charge, the greater the thermal energy 

required to initiate HDL-to-LDL fluctuations at the particle interface. Consequently, this 

results in a greater prevalence of LDL domains within hydration water. These observations 

indicate that the rate of LDL domain reduction with increasing temperature is more gradual 

at the interface of a biomolecule. 

 

Contributions: This manuscript showcases most of the research work that I have carried out 

throughout my doctoral studies. My contributions encompass the colloidal characterization of 

different-sized upconverting nanoparticles dispersed in water, heavy water, and ethanol, as well as 

their photoluminescence, assessing their thermometric performance as primary luminescent 

thermometers capable of measuring the instantaneous ballistic Brownian velocity. In addition to 

the data treatment and the image editing, I have worked on the writing of the manuscript, actively 

contributing from its initial draft through to the final submitted version. I have also engaged in a 

thorough discussion of the results obtained with the co-authors. 

 

3.2 Manuscript 2 

 

Title: Decoding a Percolation Phase Transition of Water at ∼330 K with a Nanoparticle Ruler 

 

Summary: Liquid water, despite its simple molecular structure, remains one of the most 

fascinating and complex substances. Most notably, many questions continue to exist regarding the 

phase transitions and anomalous properties of water, which are subtle to observe experimentally. 

Here, we report a sharp transition in water at 330 K unveiled through experimental measurements 



258 

 

of the instantaneous Brownian velocity of NaYF4:Yb/Er upconversion nanoparticles in water. Our 

experimental investigations, corroborated by molecular dynamics simulations, elucidate a 

geometrical phase transition where low-density liquid (LDL) clusters become percolated below 

330 K. Around this critical temperature, we find the sizes of the LDL clusters to be similar to those 

of the nanoparticles, confirming the role of the upconversion nanoparticle as a powerful ruler for 

measuring the extensiveness of the LDL hydrogen-bond network and nanometer-scale spatial 

changes (20–100 nm) in liquids. Additionally, a new order parameter that unequivocally classifies 

water molecules into two local geometric states is introduced, providing a new tool for 

understanding and modeling water’s many anomalous properties and phase transitions. 

 

Novelty: 

• In this work, anomalous behavior of liquid water at elevated temperatures was observed 

through the monitoring of upconversion photoluminescence of lanthanide-doped 

nanoparticles during thermal fluctuation. An abrupt crossover temperature (~330 K) in the 

instantaneous Brownian velocity of the nanoparticles in water was unambiguously 

identified. This bilinear alteration in the nanoparticle's velocity, indicative of two distinct 

Brownian motion regimes at elevated temperatures, was attributed to the nano convection-

dominated cooperative movement of the nanoparticles with their neighboring water 

molecules, suggesting the presence of different effective masses. 

• The experimental findings, corroborated by molecular dynamics simulations, unveiled two 

distinct forms of the hydrogen-bond network in water at elevated temperatures. These 

observations indicate a geometrical percolation phase transition of water occurring at 

approximately 330 K, a critical temperature at which the size of the low-density-liquid 

motif becomes comparable to that of the nanoparticles. 

• Two distinct forms of the hydrogen-bond network in water have been identified through 

molecular dynamics simulations. Specifically, the tetrahedral state and the disturbed state 

were discerned, as supported by the presence of two distinct peaks in the temperature-

dependent probability density function of the tetrahedral orientational order parameter. 

This is the first computational observation of two well-separated peaks in this widely used 

probability density function at an elevated temperature regime. 
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• It has been experimentally demonstrated that the sharp transition in the instantaneous 

Brownian velocity of the nanoparticle can be reliably detected when the diameter of the 

nanoparticle is in the range of 24 to 106 nm. Remarkably, despite the considerable size 

variation of 82 nm, the impact of the nanoparticle-based ruler on the intrinsic behavior of 

water is negligible. In comparison to experimental techniques involving X-ray irradiation, 

this upconversion nanoparticle-based ruler emerges as a powerful tool well-suited for 

investigating the anomalous properties of water, such as thermal conductivity, proton spin-

lattice relaxation time, refractive index, and surface tension. 

 

Contributions: In this work, my contributions encompassed several key aspects. Firstly, I have 

contributed to the colloidal characterization of NaYF4:Yb/Er upconverting nanoparticles, focusing 

on assessing their stability in aqueous media for measuring the instantaneous ballistic Brownian 

velocity. Furthermore, I significantly contributed to the development of the algorithm written to 

estimate the crossover temperature, a critical parameter showing the temperature at which the 

temperature-dependent Brownian velocity undergoes a substantial change from its linear trend. 

Additionally, I have participated in several stages of the development of the manuscript, including 

writing, revising, and proofreading the document from the initial draft to the final round of 

revision. 

 

3.3 Manuscript 3 

 

Title: Temperature Dependence of Water Absorption in the Biological Windows and Its Impact on 

the Performance of Ag2S Luminescent Nanothermometers 

 

Summary: The application of nanoparticles in the biological context generally requires their 

dispersion in aqueous media. In this sense, luminescent nanoparticles are an excellent choice for 

minimally invasive imaging and local temperature sensing (nanothermometry). For these 

applications, nanoparticles must operate in the physiological temperature range (25–50 °C) but 

also in the near-infrared spectral range (750–1800 nm), which comprises the three biological 

windows of maximal tissue transparency to photons. In this range, water displays several 

absorption bands that can strongly affect the optical properties of the nanoparticles. Therefore, a 
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full understanding of the temperature dependence of water absorption in biological windows is of 

paramount importance for applications based on these optical properties. Herein, the absorption 

spectrum of water in the biological windows over the 25–65 °C temperature range is systematically 

analyzed, and its temperature dependence considering the coexistence of two states of water is 

interpreted. Additionally, to illustrate the importance of state-of-the-art applications, the effects of 

the absorption of water on the emission spectrum of Ag2S nanoparticles, the most sensitive 

luminescent nanothermometers for in vivo applications to date, are presented. The spectral shape 

of the nanoparticles’ emission is drastically affected by the water absorption, impacting their 

thermometric performance. 

 

Novelty: 

• This manuscript demonstrates the temperature dependence of the water absorption 

spectrum in the near-infrared, which can be deconvoluted into two components, with each 

of them explained by the existence of a distinct state of liquid water. 

• The strong water absorption in the NIR spectral region imposes challenges in using 

luminescent nanothermometers operating within the same spectral range, critically 

impacting the line shape of the emission bands of silver sulfide. 

• Despite its status as the best-performing luminescent thermometer for in vivo applications, 

silver sulfide undergoes a reduction in its thermometric reliability when working in 

aqueous media due to water reabsorption 

• A comparison between the thermometric performance of silver sulfide in water and heavy 

water underscores the necessity for standardization to improve the reproducibility of 

thermal readouts in biomedical and biological applications. 

 

Contributions: Throughout this work, I have contributed to the assessment of the thermometric 

performance of various luminescent properties of silver sulfide nanoparticles dispersed in both 

water and heavy water, in terms of temperature-dependent luminescence, relative thermal 

sensitivity, and uncertainty in temperature. These evaluations underscored the profound influence 

of the peculiar behavior of liquid water on the performance of silver sulfide as a reliable 

thermometer in the near-infrared spectral range. Furthermore, I actively engaged in collaborative 
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efforts involving manuscript writing, image editing, and meticulous revision of both the main 

manuscript and its supporting information.  

 

3.4 Manuscript 4 

 

Title: Luminescent Pb-free perovskites: low-cytotoxicity materials for primary thermal sensing 

 

Summary: Selecting a suitable host matrix to perform temperature sensing in biomedical 

applications requires low cytotoxicity, facile synthesis, and an ability to be doped with light-

emitting ions. With this perspective, indium-based halide double perovskites, specifically 

Cs2AgIn0.9Bi0.1Cl6, Cs2Ag0.6Na0.4InCl6, and Cs2Ag0.6Na0.4In0.9Bi0.1Cl6, were chosen as host materials 

to develop lanthanide-based primary thermometers due to their low phonon energy and ease of 

synthesis. The incorporation of Na+ and Bi3+ into the perovskite cubic crystal lattice was confirmed 

by X-ray diffraction and Raman spectroscopy while the optical properties of both the undoped and 

Yb3+/Er3+ co-doped perovskites were assessed by diffuse reflectance and photoluminescence 

spectroscopies. The obtained perovskite samples demonstrated excellent thermal stability, with the 

ability to withstand temperatures as high as 500 °C. A temperature-dependent green emission of 

Er3+ was observed in the co-doped samples upon 980 nm irradiation, yielding a relative thermal 

sensitivity and uncertainty in temperature values of 1.3% K−1 and 0.3 K, respectively. Incorporating 

the obtained perovskites (0.05 to 0.20 mg mL−1) into L2929 cells as an in vitro model resulted in 

high cell viability, underscoring the benefits of selecting such a low-cytotoxicity material for 

applications in biological media. 

 

Novelty: 

• This is the first work introducing Er3+-based primary thermometers embedded within a 

lead-free In-based double perovskite host. This approach substantially broadens the 

potential applications and creates fresh opportunities for these materials. 

• The primary Boltzmann thermometer, developed within this research, exhibits a maximum 

relative thermal sensitivity of 1.3 % K−1 and uncertainty in temperature of 0.3 K. 

Remarkably, these findings align closely with the most recent research in the literature, 

affirming the reliability and precision of the developed thermometer. 
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• Through the assessment of perovskites' non-toxicity, evaluated via L929 cell viability 

through MTT assay, the obtained materials reveal promising potential. These results 

highlight the possibility of employing perovskite materials in targeted bioimaging and the 

real-time monitoring of cancer cells. 

 

Contributions: In this work, I conceived the framework for the utilization of Yb3+/Er3+ co-doped 

perovskites as primary luminescent thermometers. Subsequently, I performed the analysis of the 

temperature-dependent upconverting emission spectra of the synthesized materials. This allowed 

the investigation of the optical properties and a rigorous assessment of their thermometric 

performance. In addition to these contributions, I was also actively involved in the 

conceptualization of the figures, as well as the writing and subsequent revisions of the manuscript. 

 

3.5 Manuscript 5 

 

Title: Extending the Palette of Luminescent Primary Thermometers: Yb3+/Pr3+ Co-Doped Fluoride 

Phosphate Glasses 

 

Summary: The unique tunable properties of glasses make them versatile materials for developing 

numerous state-of-the-art optical technologies. To design new optical glasses with tailored 

properties, an extensive understanding of the intricate correlation between their chemical 

composition and physical properties is mandatory. By harnessing this knowledge, the full potential 

of vitreous matrices can be unlocked, driving advancements in the field of optical sensors. We 

herein demonstrate the feasibility of using fluoride phosphate glasses co-doped with trivalent 

praseodymium (Pr3+) and ytterbium (Yb3+) ions for temperature sensing over a broad range of 

temperatures. These glasses possess high chemical and thermal stability, working as luminescent 

primary thermometers that rely on the thermally coupled levels of Pr3+ that eliminate the need for 

recurring calibration procedures. The prepared glasses exhibit a relative thermal sensitivity and 

uncertainty at a temperature of 1.0% K–1 and 0.5 K, respectively, making them highly competitive 

with the existing luminescent thermometers. Our findings highlight that Pr3+-containing materials 

are promising for developing cost-effective and accurate temperature probes, taking advantage of 
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the unique versatility of these vitreous matrices to design the next generation of photonic 

technologies. 

 

Novelty: 

• This work demonstrates that embedding trivalent lanthanide ions, such as Yb3+ and Pr3+, 

into a vitreous network enables the preparation of luminescent glasses operating as 

luminescent thermometers, with exceptional thermal and chemical stability, which can be 

molded into various shapes. This finding presents a crucial advantage over conventional 

thermometers, as the glass materials can be customized to fit a wide range of experimental 

setups. 

• The manuscript presents a novel approach to luminescence thermometry, as it is the first 

example of a new type of primary luminescent thermometer based on Pr3+ ions with the 

corresponding reduction of self-heating during temperature readouts. Up to now, all the 

Ln3+-based luminescent primary thermometers are based on the Yb3+/Er3+ upconverting 

emission. The work extends the working principle of luminescent primary thermometers 

to other lanthanide ions than Er3+, with the added benefit of avoiding temperature 

deviations arising from laser-induced heating. This outcome broadens the range of 

available materials for primary luminescent thermometers, enabling researchers to measure 

temperature in a more diverse set of experimental conditions. 

 

Contributions: My contributions to this research paper encompassed several significant aspects. 

Firstly, I carried out a thorough analysis of both the thermal and optical properties presented within 

the manuscript. Furthermore, I have conceived the main idea of using the temperature-dependent 

luminescence of Pr3+ as a primary thermal sensing, eliminating the necessity for laser excitation. I 

have worked on the writing of the text, image editing, extensive result discussions, and meticulous 

revision. My contribution extended from the preparation of the initial draft to the final stages of 

manuscript revision. Due to its significant novelty in the field, this manuscript reached the 

Supplementary Cover of the Journal. 
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3.6 Manuscript 6 

 

Title: Going Above and Beyond: A Tenfold Gain in the Performance of Luminescence 

Thermometers Joining Multiparametric Sensing and Multiple Regression 

 

Summary: Luminescence thermometry has substantially progressed in the last decade, rapidly 

approaching the performance of concurrent technologies. Performance is usually assessed through 

the relative thermal sensitivity, Sr, and temperature uncertainty, δT. Until now, the state-of-the-art 

values at ambient conditions do not exceed maximum Sr of 12.5% K−1 and minimum δT of 0.1 K. 

Although these numbers are satisfactory for most applications, they are insufficient for fields that 

require lower thermal uncertainties, such as biomedicine. This has motivated the development of 

materials with an improved thermal response, many of them responding to the temperature through 

distinct photophysical properties. This paper demonstrates how the performance of 

multiparametric luminescent thermometers can be further improved by simply applying new 

analysis routes. The synergy between multiparametric readouts and multiple linear regression 

makes possible a tenfold improvement in Sr and δT, reaching a world record of 50% K−1 and 

0.05 K, respectively. This is achieved without requiring the development of new materials or 

upgrading the detection system as illustrated by using the green fluorescent protein and Ag2S 

nanoparticles. These results open a new era in biomedicine thanks to the development of new 

diagnosis tools based on the detection of super-small temperature fluctuations in living specimens. 

 

Novelty: 

• This is the first research work exploring the feasibility of combining several temperature-

dependent light-emitting properties to develop multiparametric luminescent thermometers 

with improved Sr and reduced δT. 

• This work pioneers the exploration of combining diverse temperature-dependent light-

emitting properties to create multiparametric luminescent thermometers, exhibiting 

enhanced relative thermal sensitivity while greatly reducing temperature uncertainty. 

• By employing a multiple linear regression approach to model the temperature-dependent 

luminescence of different materials, a remarkable tenfold improvement in both relative 
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thermal sensitivity and the accuracy of temperature measurements was achieved. This 

novel methodology promises to revolutionize the reliability of luminescent thermometry. 

• This manuscript sets a new world record in luminescence thermometry, achieving 

impressive values of 50% K−1 and 0.05 K for Sr and δT, underscoring the potential of this 

new approach to redefining the standards in luminescent temperature sensing. 

 

Contributions: For my contribution to this work, I synthesized the enhanced green fluorescent 

protein and carried out its structural and optical characterization. Additionally, I took the initiative 

to develop the multiple linear regression approach to take advantage of the protein's 

multiparametric sensing capabilities. In addition to my experimental and analytical work, I made 

significant contributions to the manuscript by participating actively in its writing and subsequent 

revisions. Furthermore, I contributed to extending this innovative approach beyond its initial 

application, showcasing other classes of materials previously documented in the literature, 

exemplified by the silver sulfide case. This manuscript was highlighted in the Front Cover of the 

corresponding issue of the Journal. 

 

3.7 Manuscript 7 

 

Title: Sustainable Smart Tags with Two-Step Verification for Anticounterfeiting Triggered by the 

Photothermal Response of Upconverting Nanoparticles 

 

Summary: Quick-response (QR) codes are gaining much consideration in recent years due to their 

simple and fast readability compared with conventional barcodes. QR codes provide increased 

storage capacity and safer access to information, fostering the development of optical or printed 

smart tags as preferred tools for the Internet of Things (IoT). Herein, the combination of Yb3+/Er3+-

doped NaGdF4 upconverting nanoparticles (UCNPs) with recovered plastic for the fabrication of 

sustainable screen-printed QR codes is reported. Their photothermal response under distinct power 

densities of the 980 nm laser irradiation (15–115 W cm−2) induces color-tuning and temperature 

sensing. This power dependence is exploited to design a double-key molecular keylock accessed 

by a smartphone camera through the red (R), green (G), and blue (B) (RGB) additive color model 

and upconversion thermometry. The latter is based on the integrated areas of the 2H11/2→
4I15/2 and 
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4S3/2→
4I15/2 Er3+ transitions using the interconnectivity and integration into the IoT network of the 

mobile phone to download the temperature calibration curve of the UCNPs from a remote server. 

These findings illustrate the potential of QR code-bearing UCNPs toward the design of smart tags 

for mobile optical sensing and anticounterfeiting. 

 

Novelty: 

• This is the first manuscript to explore the well-known dependence of the Er3+ upconversion 

under 980 nm irradiation on the laser power density to develop a double-encoded security 

tag. 

• Setting an irradiation power density of 40 W·cm−2 and adopting a threshold for R/G = 1, 

we design the first encoding level of the system. Then, the second encoding level is based 

on the 2H11/2→
4I15/2 and 4S3/2→

4I15/2 transitions in the green spectral range that enable the 

absolute temperature determination. The double-keylock system is validated exclusively 

when R/G>1 and T> 313 K, concurrently. 

• These findings support the working principle of two orthogonal spectral readouts based on 

the ratiometric spectral encoding of upconverting nanoparticles embedded in luminescent 

QR codes, corroborating the concept of communicating nanoparticles. 

 

Contributions: In this manuscript, I was in charge of designing and printing the luminescent QR 

codes, which served as a crucial foundation for the development of the double-key molecular 

keylock. Additionally, I have prepared the upconverting luminescent inks and conducted the 

characterizations of the upconverting nanoparticles. Furthermore, I also performed the color 

analysis methodology using a smartphone, which was a dealbreaker to our experimental approach. 

Beyond the experimental aspects, I made substantial contributions to the writing of the manuscript 

and dedicated substantial effort to its thorough revision. It is worth pointing out that this manuscript 

was featured in the Front Cover of the Journal. 
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4 Conclusions 

Although it is the most used liquid, we know very little about water due to its anomalous 

behavior at varying temperatures and pressures. The great challenge in deciphering the peculiar 

properties of water resides in the lack of experimental techniques that can link its microscopical 

structure to macroscopical observations, making life possible on Earth. 

In this sense, this thesis compiles a coherent and relevant set of recent research works 

reporting on the assessment of structural fluctuations of liquid water at ambient conditions, 

demonstrating the robustness of upconversion luminescence thermometry as a powerful tool for 

giving new insights regarding the structure of H-bonding networks in the vicinity of luminescent 

nanoparticles. The main results from this thesis can be summarized as follows: 

• The singular properties of water are explained under the light of a two-state model

comprising low-density and high-density liquid motifs. The study of temperature-

dependent Brownian velocity of UCNPs revealed the coexistence of LDL and HDL

domains in liquid water at ambient conditions, where the LDL ones are virtually

nonexistent above a threshold temperature marked by an abrupt change in the linear trend

of the UCNPs’ Brownian velocity.

• Changing the size of the UCNPs and the pH of the aqueous media play a significant role

in the HDL and LDL H-bond networks, reproducing the effects of temperature and pressure

on water domains, as predicted by the hypothesized phase diagram of two-state liquid

water.

• Luminescent nanomaterials are sensitive to the anomalous behavior of liquid water, either

by observing structural fluctuations or changing the thermometric performance.

• Luminescence thermometry stands out as a powerful technique to perform temperature

readouts in numerous contexts, regardless of the light-emitting center or the host matrix,

which can be further improved by using multiparametric sensing and proposing cutting-

edge applications.

The research work carried out within this thesis marks an important advancement in 

understanding the properties of liquid water at ambient conditions as it introduces luminescence 

thermometry as a reliable tool, circumventing the use of dispendious and time-consuming 

experiments, besides avoiding complex data analysis. In addition, this thesis emphasizes the need 

for developing systematic processes to study the properties of liquid water that make life possible. 
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5 Perspectives 

Despite recent breakthroughs providing significant experimental evidence regarding the 

existence of two distinct states of H-bonding organization in liquid water, this subject still demands 

further exploration to untangle the intricacies associated with these two states and their pivotal role 

in sustaining life on Earth. This is because merely observing the coexistence of LDL and HDL 

motifs at ambient conditions is insufficient to fully comprehend the anomalous behavior of water, 

which plays a crucial role in various industrial processes and everyday life. Furthermore, it is 

imperative to expand the scope of this research to include the study of aqueous media relevant to 

biological systems, where the complex interactions between water, biomolecules, and electrolytes 

are of paramount importance. Therefore, given the extensive use of upconversion luminescence 

thermometry in this thesis to investigate density fluctuations in liquid water, it is essential to 

address several challenges related to its application. Opportunities for improvement exist both in 

the field of luminescence thermometry and in the study of aqueous media, and these should be 

explored to advance our understanding of the behavior of water in different contexts. 

While the popularization of luminescence thermometry has grown exponentially in the past 

decade, it remains common to find research works that misapply this technique. This 

misapplication often arises from the misconception that performing luminescence thermometry 

solely involves measuring emission spectra as a function of temperature, with insufficient attention 

to the fundamental requirements necessary for ensuring the reliability of a luminescent 

thermometer in delivering accurate temperature readouts. Consequently, significant focus is placed 

on Sr as a key figure of merit for selecting an appropriate luminescent thermometer, while the 

associated uncertainties arising from the spectral acquisition and their impact on the determination 

of temperature uncertainty δT are frequently overlooked [142]. In this context, it is crucial to 

expedite the dissemination of standardized guidelines for this technique, to promote a more 

comprehensive and accurate application of luminescence thermometry [67]. 

Additionally, it is imperative to devote efforts to prevent artifacts in luminescence 

thermometry, particularly in the case of upconversion. The reason for this concern lies in the fact 

that under varying experimental conditions, such as Yb3+/Er3+ doping concentration and the power 

density of the 980 nm laser excitation, emission bands that are unrelated to the thermally coupled 

levels of Er3+ may appear. These unexpected emissions can interfere with the accuracy of thermal 

readings, making it essential to provide analytical tools that can mitigate the overlap between 
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emission bands in the green spectral range [73, 143]. Furthermore, it is important to note that most 

studies involving upconversion luminescence thermometry employ the Boltzmann statistics to 

depict the temperature dependence of luminescence in Yb3+/Er3+-containing materials. This is 

accomplished through a fitting procedure, enabling the estimation of ΔE and B through Equation 

3, from the slope and intercept of the ln(Δ) against 1/T plot, respectively [92, 144]. However, it is 

crucial to recognize that this approach, which determines the values of ΔE and B in a temperature-

dependent fitting procedure, as in secondary thermometers, should not be used to perform 

temperature readouts beyond the calibration range. To expand the range of applications for 

luminescent thermometers, the opportunity to explore alternative Ln3+ for the development of 

novel primary luminescent thermometers should be seized. This strategic choice allows for optimal 

thermal response to be achieved at distinct temperature ranges, driven by the selection of ions with 

different values of ΔE [124]. 

Nevertheless, the reliability and accuracy offered by luminescent thermometry for assessing 

the local temperature dependence of nanomaterials dispersed in aqueous media present new 

opportunities for investigating the actual influence of LDL and HDL motifs on the organization of 

biomolecules, including lipid membranes and proteins. This can be achieved through the 

functionalization of the surface of the UCNPs with biologically relevant ligands (see, for instance, 

Reference [145]). Another ingenious strategy could be the use of recombinant proteins that can be 

modified or conjugated with other biomolecules, such as the well-known green fluorescent protein, 

which displays a remarkable temperature-dependent luminescent response in the temperature 

range relevant to physiological applications [146, 147]. 

Likewise, the consequences of fluctuations between HDL and LDL domains on the transport 

of electrolytes can be examined by investigating how ionic strength impacts the surface charge of 

UCNPs and subsequently influences their Brownian velocity. This endeavor will push 

upconversion primary luminescence thermometry to its limits since the increase in ionic strength 

of the aqueous media is known to affect the colloidal stability of suspended nanoparticles [148], 

potentially playing a significant role in their thermometric response.  

Bearing all of this in mind, I firmly believe that luminescence thermometry holds a bright 

future for shedding light (pun intended) on our comprehension of temperature-dependent 

properties in water, aqueous solutions, and suspensions, and how these factors play a crucial role 

in shaping life on Earth.  
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