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1. Abstract 

The dynamic development of areas such as science, industry, and medicine requires the 

implementation of highly accurate methods of monitoring the temperature. This parameter is 

directly related to a wide range of physical and chemical properties as well as strongly affects 

the dynamics of many phenomena. Even though conventional temperature sensors provide 

sufficient characteristics for the majority of the undemanding applications, the specific 

scientific, industrial, and biomedical sectors require the use of highly sensitive non-contact and 

remote sensing systems.  

Conventional contact thermometers are based on the temperature-induced change of the 

physical parameters, e.g., thermal expansion in common liquid-based thermometers or electric 

resistance in thermistors. Currently, the most commercially available non-contact sensing 

approach is thermal imaging. This method is based on the analysis of infrared radiation intensity 

emitted and reflected by the measured object. Luminescent thermometers, in turn, use 

temperature-dependent spectroscopic properties. There are three standard approaches to 

a luminescence-based temperature detection: analysis of a change in luminescence decay 

kinetics; monitoring the spectral shift of an emission band; and the comparison of the emission 

intensity of two spectrum ranges characterized by different temperature dependencies. The last 

one is known as a ratiometric approach and has become the most commonly reported method. 

Although there are a number of thermometric compounds, the vast majority of materials 

are based on inorganic compounds, usually doped with lanthanides.1 However, the group of 

metal-organic frameworks (MOFs) are promising material for luminescent thermometry.2,3 

MOFs may exhibit several interesting properties simultaneously, and their characteristics can 

often be tuned by the substitution of the building blocks. Among various MOFs, the group of 

materials with perovskite stoichiometry containing formate (HCOO-) linkers, doped with 

chromium(III) ions (Cr3+), is particularly noteworthy. Their high stability as well as reliability 

and accessibility of preparation, overcoming most of the halide-based compounds, make these 

materials a valuable choice for studies concerning the influence of chemical composition on 

spectroscopic and, subsequently, thermometric properties. Depending on the chemical 

composition of the analyzed materials, including the type of amine, the type of metal, and the 

concentration of chromium(III) ions, it is possible to obtain different spectroscopic properties 

related to the Cr3+ luminescence. The local environment of the chromium ions can be described 

by the crystal field strength, which induces the dominant emission type of the Cr3+ ions: narrow 

spin-forbidden 2Eg→
4A2g or broad spin-allowed 4T2g→

4A2g transitions. Hybrid compounds 

based on Cr3+ ions exhibit a significant temperature dependence of their luminescent properties, 

which has become a starting point for their application in the field of luminescent thermometry. 

The observed influence of chemical composition on luminescent properties also affects their 

thermometric characteristics.  

The primary objective of this work is to describe the relationship between the chemical 

composition of hybrid formate materials doped with Cr3+ ions, described by single- and double-

perovskite stoichiometry, and their spectroscopic properties as well as, consequently, their 

thermometric performance. In this dissertation, 5 series of compounds differing in chemical 
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compositions were synthesized, analysed, and further described in a series of five thematically 

coherent publications P1-P5. Among the investigated series, two of them focus on materials 

with double-perovskite stoichiometry (P1-P2), while others are devoted to single-perovskite-

like materials (P3-P5). Taking included works into account, the analysis of the 38 individual 

samples has been performed.  

The study provides a detailed description of their structural, phonon, and spectroscopic 

properties as well as their relation to chemical composition, which was tuned by modifying the 

fundamental building blocks of the hybrid frameworks. Based on the collected data, the general 

relations between crystal-field strength, the type of metal ions and organic cations, dopant 

concentration, and resulting luminescent and thermometric behaviour were established. 

Thermometric analyses demonstrated the possibility of achieving high relative sensitivities, 

reaching up to 3.91%∙K-1 at 140 K (ratiometric method) and 5.14%∙K-1 at 143 K (lifetime-based 

method). Through multiparametric thermometric analysis, various sensing strategies were 

systematically compared, enabling further optimization of thermometric model development. 

The proposed prototype thermometric setups, operating under steady-state conditions and in 

the time domain, illustrate the potential of the investigated materials as cryogenic temperature 

sensors. 
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2. Streszczenie 

Dynamiczny rozwój takich obszarów jak nauka, przemysł i medycyna wymaga 

wdrażania wysoce precyzyjnych metod monitorowania temperatury. Parametr ten jest 

bezpośrednio związany z szerokim zakresem właściwości fizycznych i chemicznych oraz ma 

istotny wpływ na dynamikę wielu zjawisk. Mimo że konwencjonalne czujniki temperatury 

zapewniają wystarczające parametry dla większości niewymagających zastosowań, 

specyficzne sektory naukowe, przemysłowe i biomedyczne wymagają stosowania wysoce 

czułych, bezkontaktowych oraz zdalnych systemów pomiarowych. 

Konwencjonalne termometry kontaktowe opierają się na zmianach właściwości 

fizycznych indukowanych przez zmianę temperatury, np. rozszerzalności cieplnej 

w popularnych termometrach cieczowych lub zmianie oporu elektrycznego w termistorach. 

Obecnie najczęściej stosowanym komercyjnie rozwiązaniem bezkontaktowym jest 

obrazowanie termiczne. Metoda ta polega na analizie intensywności promieniowania 

podczerwonego emitowanego oraz odbijanego przez mierzony obiekt. Termometry 

luminescencyjne z kolei wykorzystują zależne od temperatury właściwości spektroskopowe. 

Istnieją trzy standardowe podejścia do detekcji temperatury opartej na luminescencji: analiza 

zmian czasu życia emisji; monitorowanie przesunięcia określonego pasma; oraz porównanie 

intensywności emisji w dwóch zakresach widma charakteryzujących się różną zależnością 

intensywności w funkcji temperaturowy. Ostatnie z tych podejść, znane jako metoda oparta na 

stosunki intensywności pasm (ang. ratiometric, ratio – stosunek, proporcja), jest obecnie 

najczęściej opisywanym w literaturze podejściem. 

Chociaż opisano wiele związków termometrycznych, to zdecydowana większość 

materiałów oparta jest na związkach nieorganicznych, zazwyczaj domieszkowanych jonami 

lantanowców. Jednak grupa związków metalo-organicznych (ang. Metal-Organic Frameworks, 

MOF) stanowi obiecującą klasę materiałów do zastosowań w termometrii luminescencyjnej. 

Związki te wykazują równocześnie szereg interesujących właściwości, a ich charakterystyki 

można często modyfikować poprzez zmianę składu chemicznego. Wśród różnych MOF-ów, 

związki o stechiometrii perowskitu zawierające łączniki mrówczanowe (HCOO-), 

domieszkowane jonami chromu(III) (Cr3+), zasługują na szczególną uwagę. Dzięki ich 

stabilności oraz przystępności i powtarzalności syntezy, większej niż w przypadku niektórych 

związków halogenkowych, związki te stanowią dobry wybór w kontekście prowadzenia badań 

nad wpływem zmiany ich składu chemicznego na właściwości spektroskopowe oraz,  

w rezultacie, termometryczne. W zależności od składu chemicznego analizowanych materiałów 

- w tym rodzaju aminy, typu metalu oraz stężenia jonów chromu(III) - możliwe jest uzyskanie 

odmiennych właściwości spektroskopowych związanych z luminescencją Cr3+. Lokalne 

otoczenie jonów chromu można opisać poprzez siłę pola krystalicznego, która determinuje 

dominujący typ emisji jonów Cr3+: wąskopasmową emisję spinowo zabronioną 2Eg → 4A2g lub 

szerokopasmową emisję spinowo dozwoloną 4T2g → 4A2g. Związki hybrydowe oparte na 

jonach Cr3+ wykazują znaczącą zależność właściwości luminescencyjnych od temperatury,  

co stało się punktem wyjścia do zastosowania ichw obszarze termometrii luminescencyjnej. 

Obserwowany wpływ składu chemicznego na właściwości luminescencyjne przekłada się 

również na zmienną charakterystykę termometryczną tych materiałów. 
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Głównym celem niniejszej pracy było opisanie wpływu składu chemicznego serii 

materiałów hybrydowych o strukturze pojedynczego oraz podwójnego perowskitu 

domieszkowanych jonami Cr3+ na ich właściwości spektroskopowe, a w konsekwencji również 

na ich charakterystykę termometryczną. W toku prac dokonano syntezy oraz analizy 5 grup 

związków różniących się składem chemicznym, przedstawionych w cyklu pięciu tematycznie 

spójnych publikacji P1-P5. Spośród badanych serii dwie koncentrują się na materiałach 

o stechiometrii podwójnego perowskitu (P1-P2), natomiast pozostałe trzy dotyczą materiałów 

o stechiometrii pojedynczego perowskitu (P3–P5). Sumarycznie przeprowadzono analizę 

38 próbek. W niniejszej rozprawie opisano właściwości strukturalne, fononowe 

i spektroskopowe oraz ich zależność od składu chemicznego, dostosowywanego poprzez 

zmianę podstawowych bloków budulcowych związków hybrydowych. Na podstawie wyników 

określono szereg zależności między siłą pola krystalicznego, rodzajem jonów metali i kationów 

organicznych, oraz stężenia jonów domieszki na właściwości luminescencyjne 

i termometryczne. Przeprowadzone analizy termometryczne wykazały możliwość uzyskania 

wysokiej czułości względnej – do 3.91%∙K-1 w 140 K (metoda oparta na stosunku 

intensywności pasm emisyjnych) oraz 5.14%∙K-1 w 143 K (metoda oparta na kinetyce zaniku 

luminescencji). Poprzez wieloparametryczną analizę uzyskano porównanie możliwych strategii 

termometrycznych, co umożliwia dalszą optymalizację procesu wyznaczania modelu 

termometrycznego. Zaproponowane prototypowe układy termometryczne pracujące 

w warunkach statycznych oraz przy zmiennej temperaturze obrazują wysoki potencjał 

badanych materiałów jako czujników temperatury w zakresie kriogenicznym.  
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3. Dissertation objectives 

The main objective of this PhD dissertation is to systematically investigate the potential 

of hybrid compounds with single- and double-perovskite stoichiometry as highly sensitive 

luminescent thermometers, with particular emphasis on elucidating the role of chemical 

composition and Cr³⁺ ion concentration in determining their structural, spectroscopic, and 

thermometric properties. An additional aim is to verify the commonly accepted models 

underlying Cr³⁺-based luminescent thermometry and to assess the practical applicability of the 

investigated materials for temperature sensing in the cryogenic range. 

The realization of the main objective was pursued through the following specific objectives: 

1. Development of a synthesis method for hybrid compounds, differing in the type of amines 

used, metal cations, and the concentration of Cr3+ ions. Among the studied materials, two main 

groups can be distinguished: 

o materials with a single perovskite stoichiometry: [A]MII(HCOO)3: xCr3+, where 
A represents a protonated amine (EA+, DMA+), MII is a divalent metal cation (Zn2+, 

Mg2+, Mn2+, Co2+, Ni2+), and x is a chromium(III) content (up to 5 mol.%), 

o materials with a double perovskite stoichiometry: [A]2M
IMIII(HCOO)6: xCr3+, where 

A is a protonated amine (EA+), MI and MIII stand for mono- (Na+) and trivalent (Al3+, 

Ga3+) metal cations, respectively, and x is a chromium(III) content (up to 100 mol.%). 

The obtained materials were examined in terms of their structural and phonon characteristics 

with pXRD, scXRD, and DSC techniques, as well as with Raman and IR analysis. 

2. Spectroscopic analysis of the obtained compounds, with particular emphasis on their 

photoluminescent characteristics under varying temperature conditions. This area can be further 

divided into the following aspects: 

o optical studies (excitation, emission, and luminescence decay kinetics), 

o analysis of the relationship between the chemical composition, the corresponding 

crystal field strength, and the resulting emission assigned to 2Eg→
4A2g and 4T2g→

4A2g 

transitions, 

o development of a thermometric model and further determination of key parameters 

describing thermometric performance, most notably the relative sensitivity, 

o meta-analytical approach to assessing the influence of chemical composition on 

thermometric properties. 

3. Verification of commonly applied paradigms underlying the determination of 

thermometric models and assessment of the practical applicability of the investigated 

compounds for temperature monitoring in the cryogenic range. An additional aim of this 

dissertation was to provide a broader perspective on the development and optimization of 

thermometric models based on the luminescence of Cr3+ ions. For this purpose, the following 

aspects were considered: 
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o comparative analysis of thermometric performance of studied compounds,  

o investigation of the usefulness of both ratiometric and lifetime-based thermometric 

approaches, 

o investigation of the multimodal ratiometric approach. 

Moreover, as part of the study, prototype thermometric systems were proposed for time-

resolved temperature monitoring and temperature distribution imaging in real systems. 

By achieving the above objectives, this dissertation aims to broaden the current 

understanding of how chemical composition (type of protonated amine and metal ion, and Cr3+ 

concentration) influences spectroscopic properties and, consequently, thermometric 

performance. This knowledge will enable more conscious design of other materials with 

desirable structural properties and useful thermometric characteristics.  
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4. The list of abbreviations 

 

ATR Attenuated Total Reflectance 

CCDC Cambridge Crystallographic Data Centre 

CF Crystal Field 

CFT Crystal Field Theory 

DMA Dimethylamine 

DRS Diffuse-Reflectance Spectroscopy 

DSC Differential Scanning Calorimetry 

EA Ethylamine 

EDS Energy-Dispersive X-ray Spectroscopy  

EPR Electronic Paramagnetic Resonance 

FWHM Full With at Half Maximum 

GA Guanidinium 

HTP High-Temperature Phase 

IR Infrared 

LHP Low-Temperature Phase 

LIR Luminescence Intensity Ratio 

LT Lifetime 

MOFs Metal-Organic Frameworks 

MRP Multiphonon Relaxation 

PT Phase Transition 

PL Photoluminescence 

pXRD Powder X-Ray Diffraction 

RM Ratiometric Method 

RT Room Temperature 

scXRD Single-Crystal X-Ray Diffraction 

SHG Second-Harmonic Generation 

TEA Triethylamine 

TM Transition Metal 

XRD X-ray Diffraction 

τavg Average Luminescence Lifetime 

τfit Fitted Average Luminescence Lifetime 
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5. Introduction 

5.1 Hybrid materials 

Materials that combine organic and inorganic components, known as hybrid materials, 

represent a significant aspect of the development of functional materials. Due to the presence 

of both organic and inorganic building blocks, it is possible to obtain unique properties that 

arise directly from the specific components used. This combination often results in materials 

with unique physical and chemical properties that are not achievable with purely organic or 

inorganic compounds. By uniting the complementary attributes of disparate materials, hybrids 

enable performance characteristics that surpass those of their individual components.4–6 

The field of hybrid materials is, in principle, very wide and contains various approaches 

and perspectives on the topic of properties merging. Among the many hybrid materials that 

have been intensively studied in recent years, the group of materials forming metal-organic 

frameworks (MOFs) is particularly noteworthy. MOF-type compounds form an extended three-

dimensional framework in which metal ions (or clusters) are connected by linkers, most often 

organic ones.7,8 These frameworks form highly porous structures with exceptionally high 

surface areas and tunable pore sizes. MOFs have found applications in gas storage, catalysis, 

drug delivery, and sensing, owing to their structural versatility and chemical functionality.8–11 

Nonetheless, MOFs have been implemented as a part of other hybrid solutions, such as with 

a combination of covalent organic frameworks (COFs), characterized by a fully organic nature. 

It enables precise control over pore structure and π-conjugation, making them promising for 

energy storage, photocatalysis, and optoelectronics.12–15 The potential of hybrids is also 

demonstrated by other groups of organic-inorganic solutions. Exemplary, polymeric 

nanocomposites incorporating nanoparticles, nanoclasters, or quantum dots into polymer 

matrices have been developed for lightweight structural components and flexible electronic 

devices.16,17 Another valuable group of hybrid materials is bio-inspired hybrids, mimicking 

specific biological tissues or bones, which illustrate the potential of hybrid design principles for 

achieving exceptional mechanical, physical, and chemical properties.18–20 

Although there are significant amounts of prominent hybrid materials, the group of 

metal-organic materials exhibiting perovskite-like architecture has gained increasing attention 

due to their unique structural characteristics as well as chemical and physical properties.21–23 

This class of MOFs does not exhibit a developed porosity, such as is crucial for many MOF-

based systems, designed for sorption or catalytic requirements. In this case, the molecular 

cavities of the metal-organic framework are filled during the synthesis, resulting in a system 

containing a rigid metal-linker framework and organic infill.24–27 Due to their compositional 

modularity, well-defined architecture, and possibility of various metal ion incorporation, the 

group of hybrid perovskite-like materials shows a significant potential from the point of view 

of materials science.23,28–30 
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5.1.1 Hybrid organic-inorganic perovskites 

One of the important subgroups of hybrid materials is the field of organic-inorganic 

compounds with a perovskite architecture. Originally, the term perovskite refers to the common 

name of a mineral — calcium titanate, CaTiO3. However, today this term is widely used to 

name compounds that exhibit an analogous stoichiometry and geometrical characteristics, also 

described by the general formula AMX3, in which A is a cation (e.g., Cs+, Ca2+) occupying 

a cuboctahedral cavity formed by the MX6 octahedra, where M is metal ion (e.g. Pb2+, Ti4+) and 

X is an ionic linker (e.g. O2-, Cl-). Although the proper perovskite - CaTiO3, at room temperature 

(RT) adopts Pm3̅m space group (cubic Oh symmetry), the compositional diversity leads to the 

variety of actual structural characteristics of compounds meeting the perovskite 

stoichiometry.31–33 Exemplary, the strontium titanate, SrTiO3, adopts the tetragonal I4/mcm 

space group (RT), while rhombohedrally distorted LaAlO3 at RT shows R3̅c space group.34 

Hybrid compounds with a perovskite stoichiometry can also be described by a general 

formula [A]MvalXval+1, where A represents an organic cation (e.g., protonated amine), M is 

a metal cation, X stands for the linking anion, and val describes the valence of the metal ion. 

Among hybrid perovskites, the group of single perovskite-like compounds with divalent metal 

ions, described as [A]MIIX3, has gained particular attention. Exemplary, [MA]PbI3 and 

[FA]SnI3 have been proposed as effective materials for photovoltaics.35,36 However, this group 

of materials may also exhibit interesting magnetic and electronic characteristics.37,38 Hybrid 

perovskites can also form compounds with a more developed double architecture, with a general 

formula [A]2M
IMIIIX6, where MI and MIII stand for mono- (e.g. Na+, K+) and trivalent metal 

ions (e.g. Fe3+, Cr3+), respectively (Figure 1). Such compounds represent valuable materials in 

which the use of trivalent metal ions leads to new, unique properties, e.g., luminescence, 

ferroelasticity or semiconductivity.39–41 

 

Figure 1. The visualization of the single- and double perovskite architecture 

Although hybrid perovskite-like compounds offer substantial flexibility in terms of their 

possible building blocks (A-, M-, and X-site constituents), their stability is strongly related to 
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their geometric characteristics, which can be described by the so-called Goldschmidt tolerance 

factor.42,43 For the inorganic compounds following AMX3 stoichiometry, it can be calculated 

according to: 

𝑇𝐹 =
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝑀 + 𝑟𝑋)
, (1) 

where r is a ionic radius of particular A-, B-, and X-ions. Values of TF close to 1 typically 

indicate that the material shows perovskite-like structure, whereas significant deviations predict 

octahedral tilting, symmetry lowering, or complete destabilization of the structure. Usually, the 

range of TF from 0.8 to 1.0 is presented as the most stable.42 In organic-inorganic perovskite-

like materials, with general formula [A]MIIX3 (single perovskite stoichiometry), application of 

the presented tolerance factor should include additional elements, mainly the non-spherical, 

flexible geometry of molecular A-site cations and their possible hydrogen-bonding and 

orientational dynamics. To accommodate these effects, the development of the formula (1) is 

applied: 

𝑇𝐹 =
𝑟𝐴,𝑒𝑓𝑓 + 𝑟𝑋

√2(𝑟𝑀𝐼𝐼 + 𝑟𝑋)
, (2) 

where rA,eff is the effective radius of a A-site organic cation, calculated according to van der 

Waals dimensions or from analyses of crystallographic data. There is a notable amount of hybrid 

perovskite-like materials going beyond the 0.8-1.0 range of TF values, which indicates the more 

complex interatomic relation compared to inorganic structures.42,44 

Although the following approach is suitable for hybrid materials with single perovskite 

stoichiometry, the group of double perovskite-like compounds, with a general formula 

[A]2M
IMIIIX6, should be described by a more developed tolerance factor. The presence of two 

types of metal ions makes it necessary to distinguish an additional parameter – an average M-

site ionic radius rm,avg. Then, the TF formula is: 

𝑇𝐹 =
𝑟𝐴,𝑒𝑓𝑓 + 𝑟𝑋

√2 (
𝑟𝑀𝐼 + 𝑟𝑀𝐼𝐼𝐼

2 + 𝑟𝑋)
, (3)  

where ionic radii of MI and MIII cations are taken into consideration.45 

The perovskite-like hybrid compounds may create the developed 

three-dimensional framework, built with the metal cations creating MX6 octahedra. Organic 

cation, in turn, is localized inside the framework’s voids. Described compounds can also adopt 

two-, one, and zero-dimensional structures, significantly affecting their characteristics.46–49 

However, three-dimensional hybrids are the most common, thus particular attention will be 

devoted to this group of materials. They are characterized by the possibility of modifying their 

basic building blocks, which results in a variety of structural, magnetic, dielectric, optical, and 

other properties. The diversity in the possible chemical composition is based on their inherent 

modularity, which is the ability to obtain materials that differ only by one of their structural 

components.50,51  
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Within the group of materials with perovskite stoichiometry, compounds containing 

protonated amines are commonly described. For example, materials containing 

methylammonium [MA+], ethylammonium [EA+], formamidinium [FA+], or hydrazinium 

[Hy+] cations are extensively investigated for their structural, magnetic, and electronic 

properties.52–58 The choice of a specific organic cation is limited by the size of the structural 

cavity and the stability of the framework itself. The most commonly used metals are Pb2+, Sn2+, 

and Cd2+. However, compounds based on metals such as Mn2+, Ni2+, Co2+, or Fe2+ are gaining 

increasing attention.59,60 Modulation of properties can also be achieved by changing the type of 

ionic linker, enabling the obtaining of compounds in which the distances between the MX6 

octahedra are modified, and as a result, larger organic cations can be fitted inside the 

framework’s voids (Figure 2).61 Among the most frequently implemented anions are halides 

(Cl-, Br-, I-), as well as cyanides (CN-), thiocyanates (SCO-), and azides (N3
-). However, special 

attention should also be given to formate (HCOO-), hypophosphite (H2PO2
-), and dicyanamide 

anions (N(CN)2
-), forming frameworks with larger cavities, in which larger organic cations with 

more degree of freedom can be allocated.62,63  

 

Figure 2. Diversity of the hybrid perovskites depending on the type of implemented X-site 

anion with metal-metal distance markers (d) 

Moreover, the presence of highly electronegative atoms within these anions (oxygen or 

nitrogen) enables the formation of additional hydrogen bonds, which can influence both the 

material’s stability and the dynamics of the organic cation.63–65 As a result, these linkers 

represent valuable structural building blocks for materials intended for systematic studies on 

how factors such as the type of amine or metal ion affect their structural, phononic, and 

spectroscopic properties. An additional factor contributing to the exceptionally wide range of 

possible chemical compositions is the possibility of using mixed compositions 

(e.g., simultaneous implementation of two X-site linkers), which allows for obtaining new, 

desirable properties.36,66,67 

Within the field of compounds with hybrid perovskite-like composition, particular 

attention should be given to the group of compounds containing formate anions (HCOO-). 

Although these compounds have not yet been extensively described in the literature, they 

exhibit interesting structural, magnetic, and optical properties — both linear and nonlinear.68–71 
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Due to the use of the more complex formate anion instead of halide ions, it is possible 

to obtain a structure stable enough to allow the incorporation of larger, more complex organic 

cations.72,73 Hybrid formates have been identified as possible materials for spintronics as well 

as advanced electronic and magnetic technologies due to their unique multiferroic and magnetic 

properties. Exemplary, in the work of Scatena et al.,74 the investigation of [DMA]Cu(HCOO)3 

suggests that formate ligands mediate the magnetic exchange, which, due to its directional 

nature, is essential for designing spintronic materials. The multiferroic characteristics of 

formate-based hybrid are, in turn, presented within the series of [GA]Mn1-xFe2x/3(HCOO)3, 

where 0 ≤ x ≤ 0.88, reported by Bulled et al.75 It shows that ion substitution and resulting 

vacancies ordering can induce percolative ferrimagnetic phases, which indicates a route to 

design magnetic properties of hybrid materials. However, individual studies have also pointed 

out their high potential as luminescent materials operating under low-temperature conditions. 

The pioneering results, presented by Ptak et al.,76 describe a series of [MA]M0.5CrxAl0.5-

x(HCOO)3, where M = Na, K; x = 0, 0.025, 0.5. Due to the presence of the Cr3+ ion, which 

exhibits significant temperature-dependent luminescence, it can be further used to determine 

the thermometric model. This work also indicates the potential of formate-based materials with 

double-perovskite stoichiometry as host matrices for ions exhibiting specific properties, such 

as magnetic characteristics of Fe3+ ions.77,78 The possibility of incorporating trivalent ions, 

including the Cr3+ ion, which is of particular interest in this work, allows for the design of 

luminescent materials whose spectroscopic characteristics depend not only on the surrounding 

environment but also on the composition of the hybrid host material.76 
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5.2 Fundamentals of luminescence  

The dynamic technological development of recent decades has created the need to 

design technological solutions that enable the monitoring of particular physical parameters, 

such as temperature. Nowadays, there are many different types of sensors — operating under 

various environmental conditions, differing in design, and based on diverse methodological 

principles.79,80 In the context of this dissertation, particular attention should be given to 

luminescent sensors, in which the determination of specific physical quantities, with a special 

focus on temperature, is carried out through the analysis of luminescent properties.81,82 

Luminescence is the phenomenon of electromagnetic radiation emission by a substance 

that has previously absorbed energy in another form. Depending on the origin of electron 

excitation, luminescence can be divided into several categories, such as chemiluminescence 

(resulting from a chemical reaction), electroluminescence (induced by an electric field), 

mechanoluminescence (resulting from mechanical interaction — scratching, friction),  

or, particularly important for this dissertation, photoluminescence.83 The phenomenon of 

photoluminescence occurs when a material absorbs incident radiation and subsequently emits 

phonons. This type of luminescence has been widely implemented in the study of solid materials 

due to the simplicity of the measurement process, combined with broad possibilities for its 

modification, and the ability of this method to provide valuable analytical information.83,84 

The phenomenon of photoluminescence involves two fundamental processes: 

absorption and emission of radiation. During absorption, a photon of sufficient energy promotes 

an electron to a higher, more energetic electronic state. After excitation, the system relaxes 

through a series of intermediate processes, resulting in photon emission as the electron returns 

to the ground state. The emitted radiation typically has lower energy (longer wavelength) than 

the absorbed phonons, due to the presence of non-radiative relaxation pathways. The schematic 

representation of the mentioned processes is presented in Figure 3. 

 

Figure 3. The schematic representation of the photoluminescence phenomena  

Excited states can be depopulated via two types of mechanisms: radiative and non-radiative 

processes. Radiative processes involve photon emission — the essence of luminescence - while 
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non-radiative processes lead to energy dissipation through heat, lattice vibrations (phonons), 

and by energy transfer via neighbouring ions to a nonradiative recombination centre. This can 

be observed, among other effects, as a reduction in luminescence efficiency when the 

concentration of the luminescent centres exceeds an optimal threshold, which is known as 

concentration quenching.83 The efficiency of non-radiative relaxation increases with 

temperature, resulting in thermal quenching of luminescence, which is described in detail in a 

further part of this work (see Chapter 5.3.1). 

Photoluminescence is a valuable tool in the development of various types of sensors due 

to the remarkable influence of the environmental conditions (e.g., temperature, pressure, 

presence of particular molecules and ions) on its characteristics.84–86 The growing field of 

luminescent thermometers, which is also the focus of this dissertation, clearly illustrates the 

potential of sensors based on the analysis of temperature-dependent spectroscopic properties. 

The sensing model may be constructed on the change in the shape and intensity of the 

luminescence spectrum or in the kinetics of the emission decay (see Chapter 5.4). 

Nevertheless, photoluminescence is also successfully applied in other areas, such as pressure 

sensors.87–89 One of the most notable examples is the use of synthetic ruby (Al2O3: Cr3+) in 

high-pressure studies within diamond anvil cells.88,90 Photoluminescence-based sensors also 

show great potential in analytical chemistry, where methods relying on this phenomenon can 

be used to detect contamination by specific ions,91,92 the presence of certain chemical molecules 

in the food industry,93 or to analyze a wide range of environmental parameters, such as 

humidity94–96 or pH.97,98 The remarkable versatility of photoluminescence as a sensing 

mechanism, coupled with the wide multiplicity of reported and precisely characterized 

luminescent materials, positions the field of luminescent sensors as exceptionally promising for 

a broad range of analytical and technological applications. This combination enables the design 

of highly sensitive and selective sensors capable of detecting diverse physical and chemical 

parameters under varied environmental conditions. 

 

5.3 Spectroscopic properties of Cr3+ ions 

Chromium(III) ions, classified as transition metal (TM) ions, exhibit a number of 

properties that make them particularly interesting from the perspective of luminescent sensors. 

One of the crucial characteristics of Cr3+ ions is their sensitivity to the local crystal environment. 

Chromium(III) ions possess a 3d3 electronic configuration, meaning that their 3d electrons are 

not shielded, as is the case for 4f electrons in lanthanide ions.83 Changes in the local 

environment of Cr3+ ions, caused by ion-ligand interactions, crystallographic characteristics, as 

well as macroscopic properties such as specimen morphology, can lead to variations in the 

observed spectroscopic properties.83,99,100 It includes not only the change in some qualities of 

an emission spectrum, but also in luminescence decay kinetics. As a result, compounds 

containing Cr3+ ions may exhibit distinct luminescent properties depending on the implemented 

host matrix. In some host materials, even slight changes in their chemical composition have 

a measurable impact on the luminescent characteristics.  
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The influence of the local crystal environment on spectroscopic characteristics of Cr3+ 

ions may be described with crystal field theory (CFT). It describes how the degenerate energy 

levels of transition-metal d-orbitals split when a metal ion is surrounded by ligands that create 

an electrostatic field. The theory assumes that ligands act as point charges or dipoles, and their 

negative electric fields interact with the positively charged metal cation. This interaction affects 

the degeneracy of the d-orbitals, creating distinct energy levels whose separation depends on 

the geometry and strength of the ligand field.83,101 The schematic representation of this process, 

for the particularly representative Oh symmetry, is presented in Figure 4. 

 

Figure 4. The simplified diagram showing a d-orbital splitting in transition metal ions in  

the Oh symmetry (octahedral coordination) 

In the form of the free ion Cr3+, all five d-orbitals (dxy, dxz, dyz, dz2, dx2-y2) have the same 

energy. In this state, the ion is unaffected by any external electric field, so no preferential energy 

separation exists among the orbitals. When the ion is placed in a spherically symmetric field, 

the overall energy of the d-electrons increases due to electrostatic repulsion with surrounding 

charges, but the degeneracy of the orbitals is still maintained, so all five orbitals remain 

energetically equivalent. When the Cr3+ ion is coordinated by six ligands in an octahedral 

geometry (Oh symmetry), the degeneracy is not maintained due to the directional nature of the 

ligand field. The five d-orbitals split into two energy levels: 

• t2g (dxy, dxz, dyz) – lower energy 

• eg (dx2-y2 , dz2) – higher energy 

The energy separation between t2g and eg is known as the crystal field splitting 

parameter, marked as ∆ or 10Dq. This parameter is related to electrostatic interactions between 

the d-electrons and the surrounding ligands, which is the origin of the surrounding-related 

dependence of energetic characteristics of Cr3+-based materials.83,101 
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The luminescent properties of chromium(III) ions arise from its electronic configuration 

- Cr3+: [Ar]3d3. In a free-ion state, several energy states can be distinguished, depending on the 

electron distribution and responding quantum numbers (and resulting L and S, described 

below).83,101 Exemplary, the following states can be described: 

• low-energy distribution (3 unpaired electrons): L = 3, and S = 
3

2
, 

• high-energy distribution (e.g. 2 paired and 1 unpaired electrons): L = 4, and S = 
1

2
, 

where L is the total orbital angular momentum, and S is the total spin angular momentum.  

To determine the following terms, the given formula may be used: 

𝐿2𝑆+1 , (4) 

where L is typically marked with letter symbol {S, P, D, F, G, …} for L = {0, 1, 2, 3, 4, …}, 

respectively.102,103 Thus, the low-energy term of Cr3+ is 4F (ground state), while one of the 

excited states, described above, is 2G. Within the context of Cr3+ ions, containing 3 electrons on 

the d-subshell (10 possible electrons), 120 individual microstates can be distinguished. 

Furthermore, 8 terms, according to the Russell–Saunders model, can be determined – 4F, 4P, 2P, 
1D(1), 

2D(2), 
2F, 2G, and 2H.101 Among the mentioned terms, two of them — 4F (lowest-energy) 

and 2G (higher-energy), directly translate into the observed luminescent characteristics, thus 

further considerations are mainly devoted to these particular terms.  

Under the octahedral symmetry, the 4F term splits into three states:  

• 4A2g – the ground state, 

• 4T1g – higher energy excited level, 

• 4T2g – lower energy excited level. 

While the higher energy 2G term splits into the 2Eg excited state. Under the excitation 

wavelength, the electron may be excited from the 4A2g ground state to higher-energy levels. 

Due to the efficient non-radiative transition from the 4T1g level to a nearby 4T2g, the photon 

emission from higher-energetic 4T1g is not observed. Thus, the radiative relaxation may occur 

from the 4T2g and 2Eg levels. The radiative processes: spin-forbidden 2Eg→
4A2g and spin-

allowed 4T2g→
4A2g, exhibit different luminescent characteristics. The transition from the 2Eg 

excited level, showing spin-forbidden nature (change from doublet to quarter state), is observed 

in the form of a narrow emission lines, with the most intensive line – called the R1 line – is 

localized around 680-720 nm. Additionally, several additional lines can be observed, such as 

the R2 line (higher-energy, weaker companion line104) and N-lines (lower-energy, from 

exchange-coupled Cr3+-Cr3+ pairs105). The spin-allowed 4T2g→
4A2g radiative relaxation, 

occurring without a change of the spin state, forms, in turn, broadband emission within the 750-

1000 nm. These two characteristic types of luminescence also differ in their emission decay 

times. For the 2Eg→
4A2g transitions, decay times are typically on the order of hundreds of 

microseconds to several milliseconds, whereas for the 4T2g→
4A2g transitions, they are 

approximately an order of magnitude shorter.106,107 
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The occurrence and intensity of a specific type of emission are related to the energies of 

particular electronic levels, which in turn depend on the local environment of the Cr3+ ions. 

A particularly important parameter in this context is the so-called crystal field strength (CF 

strength, Dq/B),  expressed as the formula: 

𝐶𝐹 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ ≡
𝐷𝑞

𝐵
, (5) 

where Dq describes the splitting between the eg and t2g orbitals, and B is a Racah parameter 

representing an approximation of the bond strength between the ligand and the metal, based on 

electron-electron repulsion.  

Optical measurements (mainly absorption, excitation, and photoluminescence) can 

provide information about the energies of individual transitions from the excited 4T2g and 2Eg 

levels to the ground 4A2g level. Based on experimental data, it is then possible to determine the 

Dq/B parameter using the following equations: 

𝐷𝑞 =
𝐸 𝐴2𝑔→ 𝑇2𝑔

44

10
, (6) 

𝑥 =
𝐸 𝐴2𝑔→ 𝑇1𝑔

44 − 𝐸 𝐴2𝑔→ 𝑇2𝑔
44

𝐷𝑞
, (7) 

𝐷𝑞

𝐵
=

15(𝑥 − 8)

(𝑥2 − 10𝑥)
, (8) 

where E is an energy of the given transition.108,109 If it is not possible to determine the energies 

of transitions with sufficient accuracy, the Dq parameter can be estimated based on the metal–

ligand distance; taking into account the octahedral geometry, according to the following 

expression:110,111 

𝐷𝑞~
1

𝑅5
, (9) 

where R is a metal-ligand distance. Such an approach may be a useful tool for materials, in 

which the absorption bands of Cr3+ ions overlap with those of other elements present in the 

studied compound (e.g., the pair of Cr3+ and Mn2+).106,111 

The value of the crystal field strength (Dq/B) directly affects the observed luminescent 

characteristics of materials containing Cr3+ ions. The relationship between the relative energies 

of individual electronic levels and the crystal field strength is illustrated by the Tanabe-Sugano 

diagram (Figure 5). The particular emphasis should be paid to the dependence of the 2Eg and 
4T2g levels energies on the Dq/B parameter. These levels exhibit different sensitivities to 

changes in the crystal field strength: the 2Eg level remains nearly constant over a wide range of 

crystal field strengths, while the energy of the 4T2g level increases significantly with an 

increasing Dq/B ratio. However, to provide a more comprehensive analysis, the additional 

Racah parameter C should be distinguished. It can be calculated according to the experimental 

results with the formula: 
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𝐶 =  0.328𝐸 𝐴2𝑔→ 𝐸𝑔
24 − 2.59𝐵 + 0.58

𝐵2

𝐷𝑞
.   (10) 

Both parameters B and C describe electron-electron repulsion; however, C is used to 

describe a separation between states of different spin multiplicities, while B is related to states 

with the crystal-field splitting strength (Dq). Usually, the C/B ratio is implemented.112,113 The 

change in C/B ratio significantly changes the scheme of energy levels (Figure 5). In Tanabe–

Sugano diagrams, the positions of multiplet energy levels depend on the balance between 

crystal-field splitting and electron—electron repulsion, which can be described by Dq/B and 

C/B relations. As a result, increasing C/B causes the doublet levels (e.g., 2Eg, 
2T1g, 

2A2g) to shift 

upward, while the quartet levels (e.g., 4T2g, 
4T1g) remain almost unchanged. It originates from 

the nature of these two groups of levels; doublets are defined by electron-electron interactions 

and therefore sensitive to changes in the Racah parameters, whereas quartet levels are related 

to the crystal-field splitting, thus their sensitivity to changes in B and C values is 

minimized.83,112 

 

Figure 5. The Tunabe-Sugano diagrams for d3 electron configuration (Oh symmetry) for various 

C/B values, simulated with TanabeSugano: Python-based Eigensolver for Tanabe-Sugano 

Diagrams, by Anselm Hahn, 2024, DOI: 10.5281/zenodo.206847682,  

URL: https://github.com/Anselmoo/TanabeSugano 

Within the context of Cr3+-doped phosphors, particular attention should be paid to the 

relation between crystal field parameters, visualized by the Tanabe-Sugano diagram, and 

consequent luminescent characteristics. The intersection point of the curves assigned to 2Eg and 
4T2g levels determines the lowest excited energy level, which in turn defines the dominant type 

of Cr3+ ion emission. Depending on the C/B ratio, this intersection may assume various values, 

as presented in Figure 5. Exemplary, for the value of the C/B ratio equal to 4.5, the intersection 

is around Dq/B = 2.1. This marks the boundary between weak (Dq/B < 2.1) and strong (Dq/B > 

2.1) crystal fields. In a weak crystal field, the lowest excited level is the 4T2g level, resulting in 

the dominance of the 4T2g→
4A2g emission. Increase in Dq/B over threshold value changes the 

lowest excited level for 2Eg, leading to an enhancement of the 2Eg→
4A2g transition. Materials 

with Dq/B close to the threshold value can be classified as having an intermediate crystal field, 
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where emissions from both 4T2g and 2Eg levels are observed.83,114  

The influence of crystal field strength on the radiative relaxation processes in compounds 

containing Cr3+ ions is illustrated in Figure 6.  

 

Figure 6. The schematic configurational coordinate diagrams for Cr3+ ions (octahedral 

coordination) affected by various crystal fields, with the following luminescence spectra 

(simplified) 

 

The concentration of Cr3+ may be an important factor not only due to the concentration 

quenching phenomenon. When chromium(III) ions occupy neighbouring sites, they can interact 

through exchange coupling or electron–phonon mediated energy transfer. Such coupled ions 

are referred to as Cr3+-Cr3+ pairs. The presence of chromium(III) pairs may be observed in the 

form of broad, red-shifted bands, less energetic than the emission band assigned to the transition 

from the 4T2g excited level. Due to the significant similarity of the emission from 4T2g state and 

the Cr3+-Cr3+ pair, their determination according to emission spectrum may be significantly 

hindered. Thus, the decay kinetics should be considered – chromium(III) pairs luminescence 

shows longer decay time, compared to the 4T2g→
4A2g transition in the isolated Cr3+ ion.115–117 

Moreover, an increase in the concentration of Cr3+ ions may lead to a weakening of the crystal 

field strength and, consequently, an increased contribution of emission from the 4T2g level.3,118 

 

5.3.1 Temperature-dependent luminescence of Cr3+ ions 

The spectroscopic properties of Cr3+ ions are highly sensitive to changes in temperature. 

With increasing temperature, the intensity and lifetime of luminescence generally decrease. 

This phenomenon is known as thermal quenching. The increase in temperature intensifies 

a non-radiative relaxation from the emitting state — 2Eg or 4T2g, depending on the crystal field 
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strength — to the 4A2g ground state. The thermal quenching of luminescence is mainly related 

to two mechanisms: thermal crossover of excited states and multiphonon relaxation (Figure 

7).83,114 

 

Figure 7. Schematic illustration of the thermal quenching mechanisms: (a) thermal crossover, 

where ① is an excitation from the 4A2g ground state do 4T1g level, ② is a series of non-radiative 

relaxation to the lowest excited level – such as 2Eg level under strong CF, ③ stands for radiative 

relaxation (emission), ④ is a thermally-induced electron-phonon coupling leading to the 

excitation of the electron to the intersection of 4T2g and 4A2g levels, ⑤ is a non-radiative 

relaxation to the ground state, and ∆Etq is a thermal quenching activation energy; as well as (b) 

multiphonon relaxation, where ① and ② stand for excitation and series of non-radiative 

relaxation, respectively, ③ is a multiphonon relaxation process, and ∆EMPR is a difference is 

energies between depopulating level and lower state 

 

The excited levels in Cr3+ ions, located in the near-intermediate crystal field, are 

thermally coupled due to the thermal crossover between closely spaced energy levels. 

Exemplary, in an intermediate-to-strong crystal field, an electron from the metastable 2Eg level 

to the vibronically coupled 4T2g state, from which non-radiative relaxation to the 4A2g ground 

quenches the luminescence (Figure 7a). The process of thermal quenching shows an Arrhenius-

type behavior with an activation energy ∆Etq, defined as the energy difference between the 

equilibrium position of the excited state and the parabola's intersection point (∆Etq in Figure 

7a).114,119,120  
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The energy activation of thermal quenching can be estimated with the following formula: 

𝐼(𝑇) =
𝐼0

1 + 𝐴𝑒𝑥𝑝 (
−∆𝐸𝑡𝑞

𝑘𝑇
)

, (11)
 

where I(T) is an intensity of the emission at temperature T, I0 is an initial temperature of the 

quenching process, A stands for preexponential coefficient, ∆Etq is energy activation of thermal 

quenching, and k is Boltzmann constant. The determination of the ∆Etq parameter is performed 

with the analysis of the slope of the linear regression of the ln[I0/I(T)-1)] as a function of 

1/kT.121,122 

The second mechanism is multiphonon relaxation (MPR), in which the excitation 

energy is dissipated through the emission of multiple lattice vibrations (phonons) (Figure 7b). 

Due to the significant differences between the energy band gap of the excited and ground state 

(thousands of cm-1) and the energy of a single phonon (hundreds of cm-1), this process involves 

the simultaneous emission of multiple phonons. The rate of the multiphonon relaxation may be 

described with the formula:  

𝑊𝑀𝑃𝑅 = 𝑊0 exp [−𝛼 (
∆𝐸𝑀𝑃𝑅

ℏ𝜔
)] , (12) 

where W0 is the pre-exponential factor related to the electron-phonon coupling strength, α is 

a parameter assigned to the particular host lattice, ∆EMPR is an energy gap between the emitting 

level and the lower state in the process of MPR, and ℏω is an average phonon energy. This 

relation implies that nonradiative relaxation related to a multiphonon process becomes 

negligible when ∆E is much larger than a few times the phonon energy, but becomes dominant 

when ΔE is small (e.g., < 5 times of ℏω).83,123,124 The 4T2g level is strongly vibronically coupled, 

making it particularly sensitive to MPR. In contrast, the 2Eg level, being localized and weakly 

coupled to phonons, exhibits higher stability. Thus, low-phonon host materials showing a strong 

crystal field may provide sufficient conditions for temperature-stable phosphors. On the other 

hand, weak CF strength combined with high-phonon hosts may show a rapid quenching of the 

broadband 4T2g luminescence.   

Both of the mentioned processes lead to a reduction of luminescence intensity and a 

shortening of the decay time as temperature rises. Because radiative and nonradiative processes 

compete, the total decay rate (1/τ)  can be described with the formula: 

1

𝜏(𝑇)
= 𝑊𝑟 + 𝑊𝑛𝑟(𝑇), (13) 

where Wr is a radiative relaxation rate (independent of weakly related to temperature) and 

Wnr(T) stands for a nonradiative relaxation rate, strongly dependent on temperature. An increase 

in temperature significantly intensifies the nonradiative relaxation rate (Wnr), thus luminescence 

lifetime (τ) decreases.  

The extent of thermal quenching is highly dependent on the properties of the host 

material. Hosts, in which luminescent ions are in strong crystal fields (large Dq/B values), 
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exhibit larger energies of thermal quenching (∆Etq), leading to the suppression of thermally-

driven crossover.125,126 Similarly, materials with low phonon energies, such as fluorides (ℏω ≈ 

400 cm-1), reduce the probability of multiphonon relaxation. On the other hand, materials 

showing higher phonon energies, like some oxides (ℏω ≈ 800 cm-1) or boranes (ℏω ≈ 1400 cm-

1), exhibit more effective nonradiative processes.127,128 Other important factors include site 

symmetry, lattice rigidity, and covalency of the metal-ligand bonds — all of these qualities 

influence vibronic coupling and the probability of nonradiative transitions. The description of 

the hybrid structures, such as materials with perovskite-like stoichiometry, containing organic 

cations, is more advanced. The vibrational characteristics of these compounds may be assigned 

to their two components: framework and organic cations. The vibrational modes related to the 

framework, such as octahedral librations and metal-ligand stretching, are usually observed to 

~200 cm-1.129,129–133 However, the presence of organic cation leads to the presence of the 

multiple vibrational modes related to, e.g., bending, rocking, and twisting of some parts of the 

molecules, such as stretching vibrations of NH3
+ (~3100 cm-1) or in-plane bending vibration of 

CH bonds (~1340-1380 cm-1). These modes are usually visible up to ~3500 cm-1.132,134 The 

implementation of more complex linkers (e.g., HCOO-, H2PO2
-) induces the additional 

possibility of internal transitions. Exemplary, for formates (HCOO-), the vibrations assigned to 

the OCO part of the linker, e.g., bending (~800 cm-1) or stretching (up to ~1600 cm-1) may be 

observed.130,131 The stretching of the C-H bond in formate ion can be observed up to  

2870 cm-1.134,135
 Thus, the maximal phonon energy of the framework is strongly dependent on 

the type of linker and organic cation, which may significantly affect the probability of 

multiphonon phenomena.136,137 

The sensitivity of Cr3+ luminescence to thermal quenching is the essence of its potential 

as a luminescent thermometer. Temperature-enhanced nonradiative processes affect both 

emission intensities and luminescence decay time, providing measurable optical signals that 

correlate precisely with temperature. By tuning the host lattice (e.g., adjusting phonon energy 

or crystal field strength), Cr3+-based materials may exhibit high sensitivities and be optimized 

for specific temperature sensing ranges. Thus, understanding the mechanisms of temperature-

dependent luminescence and thermal quenching in Cr3+ systems is not only essential for 

interpreting their spectroscopical characteristics but also advances the development of high-

performance optical temperature sensors. 
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5.4 Temperature sensing 

5.4.1 Conventional thermometric methods 

Temperature constitutes one of the most essential parameters influencing almost every 

aspect of the surrounding world. The progress of the past three centuries in science and 

technology has induced the development of a wide range of thermometric methods - 

technological solutions designed for temperature measurement. However, the history of 

thermometry, i.e., the scientific discipline concerned with both theoretical and practical aspects 

of temperature measurement, extends back more than two millennia.  

One of the precursors of modern thermometers was the thermoscope, constructed 

around 210 BCE by the Greek writer and engineer Philo of Byzantium.138 This device, later 

improved by Hero of Alexandria, enabled the observation of temperature differences through 

the indirect detection of volume changes in a gas enclosed within a glass tube, partially filled 

with a liquid – wine or vinegar.138 This concept was further developed in the early modern 

period by Galileo Galilei (around 1600), whose work inspired the creation of the first liquid-

based thermometer equipped with a scale - an invention attributed to Ferdinand II de’ Medici, 

Grand Duke of Tuscany, around 1644. The 17th century can thus be distinguished as a turning 

point in the history of thermometry.138–140 

In the second half of the 17th century, the English physicist Robert Boyle proposed the 

freezing point of water as a fundamental reference on the temperature scale, while the Dutch 

physicist Christiaan Huygens described the invariance of the boiling point of water under 

isobaric conditions.138,141 The advancement of thermometric methods, both in theoretical, 

phenomenological, and technical terms, proceeded in parallel with the scientific progress of the 

18th and 19th centuries. A milestone in temperature measurement was the development of the 

first precise and practical temperature scale by Gabriel Daniel Fahrenheit in 1724. 

Subsequently, in 1742, Anders Celsius introduced an alternative scale that remains in 

widespread use today.138,142 Despite the passage of nearly three centuries, both scales continue 

to serve as standard tools for practical applications. Additionally, the Kelvin scale, proposed in 

1848 by the British physicist William Thomson, 1st Baron Kelvin, is extensively employed in 

science and engineering. The fundamental advantage of this scale lies in its absolute nature, 

where 0 K corresponds to the lowest theoretically possible temperature of a physical 

system.79,141 

The simultaneous development of technological solutions (such as the liquid-based 

thermometer and its subsequent refinements), the methodological foundations of measurement 

itself, and the establishment of metrological theory and standardized temperature scales 

contributed to defining the central role of thermometry in science, technology, and 

consequently, everyday life. The technological revolution of the 20th century brought significant 

advancements in temperature measurement techniques. New types of measuring instruments 

were not based solely on the thermal expansion of gases or liquids, but also exploited 

phenomena such as the variation of electrical resistance (e.g., thermistors), the potential 

difference at the junction of two materials (the Seebeck effect, employed in thermocouples), or 

the magnetic properties of specific substances.79,141 A major milestone in the evolution of 
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thermometry was the development of methods utilizing the analysis of electromagnetic 

radiation emitted and/or reflected by a given object. Thermographic cameras and pyrometers 

have since become fundamental tools for remote and non-contact temperature measurements.79 

 Regardless of the method enabling continuous and reversible temperature analysis, all 

thermometric technologies consist of two fundamental components: 

• sensing medium, which responds in a well-defined manner to temperature changes,  

• thermometric model, providing an interpretation of variations in the medium’s 

properties in order to determine temperature according to a specific scale. 

Only the combination of these two elements enables the formation of a system that can be 

defined as a thermometer. 

 

5.4.2 Luminescence-based temperature sensors 

Electromagnetic radiation emitted by some materials can be use, under appropriate 

conditions, as a starting point for the development of a luminescent thermometer. In such 

a system, the studied materials serve as the thermometric medium, and specific changes in their 

spectroscopic characteristics can be described as a function of temperature, distinguishing the 

thermometric model. Luminescent materials may exhibit a significant temperature dependence 

of their spectroscopic properties,82,143,144 which can manifest as: 

• changes in emission intensity - both in spectral regions and the overall spectrum, 

• alterations in luminescence decay kinetics, 

• spectral shifts of emission bands, 

• variations in the full width at half maximum (FWHM) of emission bands. 

The graphical representation of the spectroscopic utilities implemented within the context of 

the luminescence thermometry is presented in Figure 8. 

 

Figure 8. The schematic representation of the methods of luminescence thermometry 
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The choice of a thermometric model should be based on the characteristics of the given 

material and the specific technical assumptions. Similar to other types of thermometers, the 

luminescent method relies on fitting the obtained spectroscopic measurement results to 

a calibration pattern, here the model was established according to the temperature-dependent 

laboratory measurements. Among the mentioned approaches, the methods based on the analysis 

of the intensity ratio of two emission bands (so-called ratiometric method) and those based on 

the analysis of luminescence decay kinetics have found particular application in the materials 

discussed in this dissertation. Nevertheless, other approaches are also commonly reported for 

different types of materials.82,145,145 

 

5.4.2.1 Ratiometric approach 

The ratiometric method is one of the leading approaches in the field of luminescent 

thermometry. It is based on exploiting the differing temperature dependencies of two distinct 

regions within the emission spectrum. These applied bands may be assigned to the 

luminescence originating from the single type of ions, as in the case of Cr3+-doped 

compounds146 (transitions from thermally coupled 2Eg and 4T2g levels), as well as originating 

from two luminescent centres, such as in the case of the combination of Cr3+ and Yb3+ ions147. 

Nevertheless, it is also possible to utilize spectral components originating from the same 

transition, e.g., the R1 and N lines, which arise from the 2Eg→
4A2g transition in Cr3+ 

ions.106,111,148 This method has gained popularity due to a number of useful features that 

contribute to its convenience of implementation and high sensitivity. The main advantage of 

this particular method is its self-referencing nature. The value of the thermometric parameter 

depends on an intensity ratio rather than absolute intensity. It translates to higher independence 

of excitation power, detector sensitivity, or sample geometry. The method also provides high 

thermometric sensitivity, which, combined with a basic experimental setup and fast response, 

makes it suitable for real-time temperature monitoring. However, the ratiometric technique also 

has certain limitations. Accurate measurements require well-separated emission bands to avoid 

spectral overlap. Also, the effect of the background luminescence and cross-sensitivity should 

be considered as a limiting factor.82,145,149,150 

The ratiometric method is based on analyzing the ratio of two emission bands that differ 

in their temperature dependence. In such a case, under isothermal conditions, two spectral 

regions (for example, A and B) are identified within the emission spectrum. These regions are 

further described as thermometric ranges. The defined regions are then used to determine the 

integral intensities IA and IB. Next, the obtained values are compared with one another to 

determine their ratio, called the luminescence intensity ratio (LIR), sometimes also named 

fluorescence intensity ratio (FIR). This operation combines two temperature-dependent parts of 

the emission spectrum into one thermometric parameter. This relationship is described by 

Equation (14): 

𝐿𝐼𝑅 =
𝐼𝐴

𝐼𝐵
, (14) 
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where IA and IB stand for integral intensities of A and B thermometric ranges, respectively.  

By performing a series of measurements under controlled temperature conditions, 

a dataset of {LIRT1, LIRT2, …, LIRTn} is obtained as a function of temperature from T1 to Tn, 

which can be further expressed as a function LIR(T). Temperature determination is performed 

using this function, transformed into the form T(LIR). To describe the usefulness of the LIR(T) 

thermometric model, its sensitivities - absolute and relative - are determined. The absolute 

sensitivity (Sa, K
-1), defined as the change in the thermometric parameter (LIR) per unit change 

in temperature, is expressed by the formula: 

𝑆𝑎 =
∆𝐿𝐼𝑅

∆𝑇
, (15) 

where ∆LIR is a change in luminescence intensity ratio and ∆T stands for the change in 

temperature. Relative sensitivity (Sr, %∙K-1), on the other hand, is a measure of how much the 

value of the thermometric parameter changes relative to its current value for a unit change in 

temperature. This parameter is described by the equation: 

𝑆𝑟 =
1

𝐿𝐼𝑅
∙

∆𝐿𝐼𝑅

∆𝑇
∙ 100%. (16) 

The uncertainty in determining the LIR parameter is an important factor characterizing the 

studied thermometric model. This parameter describes how much the measured result may 

deviate from the actual temperature. It is described by the equation: 

𝑑𝑇 =
1

𝑆𝑟
∙

∆𝐿𝐼𝑅

𝐿𝐼𝑅
. (17) 

Another important factor describing the usefulness of a given thermometer is its sensing range. 

This term refers to a temperature interval within which the temperature readout can be 

determined with sufficiently high confidence. This is influenced by two particular factors: 

a certain threshold for the relative sensitivity (Sth, set arbitrarily) and the uncertainty in 

determining the LIR parameter, which must be smaller than the analyzed temperature change. 

This relationship is described by the following equation150: 

(𝑆𝑟 ≥ 𝑆𝑡ℎ)⋀(∆𝐿𝐼𝑅 ≥ 𝛿𝐿𝐼𝑅), (18) 

where Sth is the sensitivity threshold, ∆LIR is an increment in LIR value, and δLIR is an error 

in the determination of LIR. All the variables are determined at a given temperature. The Sth 

value depends on the specific application requirements. Determining the sensing range focuses 

on establishing the interval within which both of these conditions are met. This range can be 

extended by lowering the threshold value of the relative sensitivity and by increasing the 

accuracy of the LIR parameter determination.82,145,149,150 

 

5.4.2.2 Lifetime-based approach 

Luminescence thermometry based on emission lifetime is another valuable approach. 

Although this approach is not as commonly reported as a ratiometric method, it has some 
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noteworthy properties, making it valuable.151,152 Due to the immunity of the luminescence decay 

to excitation intensity variations and phosphor concentration, the analyzed thermometric 

parameter shows higher stability, which increases the sensing ability. The lifetime-based (LT-

based) method also exhibits significantly lower sensitivity to photon-environment interactions 

compared to the ratiometric method. This advantage minimizes the possible influence of the 

surrounding medium on the observed emission spectrum of the luminescent probe. What is 

more, the possibility of its implementation for phosphors exhibiting a single emission band 

significantly extends the possible range of implemented materials. Nonetheless, due to the more 

complex nature of the measurement itself, it is necessary to implement more complicated 

equipment than in the ratiometric method, which cannot be overlooked when comparing these 

two methods.146,151,153 

In this particular method, the thermometric parameter is the luminescence lifetime. 

In the context of this dissertation, particular attention should be given to the approach based on 

determining the average luminescence lifetime (τavg) using the equation: 

𝜏𝑎𝑣𝑔 =
∫ 𝐼(𝑡)𝑡𝑑𝑡

∫ 𝐼(𝑡)𝑑𝑡
, (19) 

where I(t) is the signal intensity at a given time t. This approach is especially effective for quasi-

automated analysis of measurement data, as it eliminates the need to fit an approximating 

function to the decay curve. The resulting set of elements {τavg, T1, τavg, T2, …, τavg, Tn} for 

temperatures from T1 to Tn, obtained during temperature-dependent measurements, serves as 

an analog of the LIR parameter used in the ratiometric method. To describe the thermometric 

properties of the system, an analogous approach based on absolute and relative sensitivities is 

applied. In this case, the expression describing the absolute sensitivity takes the form: 

𝑆𝑎 =
∆𝜏𝑎𝑣𝑔

∆𝑇
, (20) 

where ∆τavg is a change in luminescence intensity ratio and ∆T stands for the change in 

temperature. The relative sensitivity, in turn, is described by the equation: 

𝑆𝑟 =
1

𝜏𝑎𝑣𝑔
∙

∆𝜏𝑎𝑣𝑔

∆𝑇
∙ 100%, (21) 

where τavg is the current average luminescence lifetime, ∆τavg stands for a change in 

luminescence intensity ratio, and ∆T is the temperature change. 

 

5.4.3 Luminescent thermometers containing Cr3+ ions 

Chromium(III) ions exhibit a set of spectroscopic features that make them highly 

attractive for luminescence thermometry. One of the most valuable aspects of materials 

containing Cr3+ ions is their broad and intense absorption band, typically around 400-450 nm 

associated with a 4A2g→
4T1g transition, which enables efficient excitation using widely 

available light sources, such as laser diodes to LEDs.154–156 Upon excitation, Cr3+ ions can 
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exhibit intense luminescence in the red region of the visible spectrum. As it was shown in 

Chapters 5.3 and 5.3.1, the characteristic of luminescence is strongly dependent on crystal field 

strength and temperature. The diversity in possible host materials makes Cr3+-based compounds 

a significantly broad field, offering various spectroscopic qualities meeting thermometric 

requirements. Another important characteristic of Cr3+ luminescence is its relatively long 

lifetime, typically ranging from hundreds of µs to a few ms, depending on the host matrix. This 

allows the use of lifetime-based thermometric methods.146,157 

The potential of Cr3+-based luminescent thermometers has been demonstrated with 

various host lattices, offering different spectroscopic properties. Although there are a significant 

number of noteworthy compounds, to visualize the variety of possible thermometric 

characteristics, to following exemplary inorganic materials can be mentioned: MgAl2O4: Cr3+, 

operating within the physiological temperature range with high relative sensitivity (up to 

3.5%∙K-1 at 300 K)158; Ba1.3Ga12O19.3: Cr3+ for a wide operating range 173-573 K (Sr over 1%∙K-

1)159; and α/β-Ga2O3: Cr3+, showing significant influence of the structure characteristics on 

observed sensitivity160. The potential of Cr3+-doped compound for ultra-sensitive ratiometric 

thermometry has been presented with the Li1.97Zn1.03Ge3O8: 0.08% Cr3+ — up to. 13.09%∙K-1 

(50 K) with 50-300 K sensing range.161 

Furthermore, Cr3+ can efficiently interact with other luminescent centres through energy 

transfer mechanisms, expanding its functionality in multimodal thermometers. Chromium(III)-

based materials co-doped with rare-earth or transition metal ions have been proposed as sensing 

systems, in which the energy transfer between Cr3+ and the co-dopant ion enables, e.g., dual 

emission suitable for self-referenced thermometry, combined optical heating and sensing, or 

more efficient excitation of the particular luminescent centre via antenna effect.162–165 Among 

many reported Cr3+-co-doped materials exhibiting valuable thermometric characteristics, to 

show a diversity of possible thermometric characteristics, the given compounds can be marked: 

LaGaO3: Cr3+, Nd3+, in which the Cr3+→Nd3+ is well observed and dual-mode sensing may be 

achieved (Sr up to 1.9%∙K-1
 at 300 K with 300-625 K range)166; ZnAl2O4: Cr3+, Mn2+, showing 

the efficient Mn2+→Cr3+ energy transfer, enhancing Cr3+ luminescence and improving sensing 

capabilities (up to 3.7%∙K-1 at 80 K)167;  Ga2O3: Cr3+, Ni2+, exhibiting an increase in the 

luminescence intensity by 2.4 times compared to the material doped solely with Ni2+ ions168. 

The use of Cr3+ ions in metal–organic frameworks (MOFs) for luminescent thermometry 

is essentially an unexplored area. Despite the growing scientific interest in hybrid compounds, 

including MOFs, a significant research gap can be observed in the application of hybrid 

compounds based on chromium(III) ions in the role of luminescent temperature sensors. 

Nevertheless, the potential of hybrid formate perovskites has been reported in works describing 

the structural and spectroscopic properties of a series of [CH3NH3]M0.5CrxAl0.5x(HCOO)3,  
M = Na, K, and x = 0,0.025, 0.5, as well as a comparison of [C3N2H5]Na0.5Cr0.5(HCOO)3 and 

[C3N2H5]Na0.5Al0.475Cr0.025(HCOO)3 perovskites.169,170 Although the mentioned works do not 

provide a detailed thermometric analysis of the investigated compounds, their temperature-

dependent spectroscopic properties, such as rapid thermal quenching, clearly demonstrate the 

considerable potential of chromium(III)-containing materials for highly sensitive luminescent 
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thermometry in the cryogenic range. These findings have, in a sense, served as a foundation for 

the further research presented in this dissertation. 

The field of luminescent thermometers containing Cr3+ ions is characterized by 

significant potential, both in terms of materials containing only chromium(III) ions and co-

doped materials. By varying the host matrix, the concentration of chromium(III), as well as the 

type and amount of co-dopants, it is possible to obtain materials with diverse spectroscopic 

properties. Different temperature dependencies of luminescence make these materials suitable 

for use in both high-sensitivity thermometry, particularly in the cryogenic range, and wide-

range sensors. A summary of representative thermometric materials containing Cr3+ ions, 

containing solely Cr3+ ions, and in combination with co-dopants, is presented in Table 1. 

 

Table 1. The collation of exemplary luminescent thermometers containing Cr3+ ions with 

their highest relative sensitivity (Sr, max) at working temperature (TSr, max), with sensing range 

(if provided). By default, the presented results are determined with the ratiometric method 

(LIR), unless stated otherwise. 

Compound 
Sr, max 

(%∙K-1) 
TSr, max (K) 

Sensing 

range (K) 
Reference 

MgAl2O4: Cr3+ 3.5 300 300-540 158 

Ba1.3Ga12O19.3: Cr3+ 6.78 113 173–573 159 

α-Ga2O3: Cr3+ 1.05 300 
200-450 160 

β-Ga2O3: Cr3+ 0.64 300 

Li1.97Zn1.03Ge3O8: Cr3+ 13.09 50 50-300 161 

LaGaO3: Cr3+, Nd3+ 1.9 300 300-625 166 

ZnAl2O4: Cr3+, Mn2+ 3.7 80 80-310 167 

Ga2O3: Cr3+, Ni2+ 5.26 293 - 168 

CaHfO3: Cr3+ 2 40 40-150 171 

LaSr2Ga11O20: Cr3+ 2.6 190 190-460 172 

InTaO4: Cr3+ 
2.50 (LIR) 347 

240-420 173 
2.27 (LT) 347 

La2MgTiO6:V
4+,Cr3+ 1.96 165 80-250 174 

MgTiO3: Cr3+, Nd3+@SiO2 1.18 343 303–343 175 

Mg2Al4Si5O18: Ce3+, Cr3+ 0.51 525 - 155 

Sr2MgAl22O36: Cr3+ 1.7 310 - 176 
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6. Experimental section 

This section focuses on the preparation methods and subsequent characterization of the 

investigated hybrid materials. Five scientific publications (P1–P5) have been included as part 

of this dissertation: 

• P1: Kabański A*, Ptak M., and Stefańska D.* (2023). Metal–Organic Framework 

Optical Thermometer Based on Cr3+ Ion Luminescence, ACS Applied Materials 

& Interfaces 15(5), 7074-7082 DOI: 10.1021/acsami.2c19957 

https://pubs.acs.org/doi/full/10.1021/acsami.2c19957 

 

• P2: Ptak M.*, Kabański A., Dziuk B., Balciunas S., Usevicius G., Zeręba J., Banys J., 

Simenas M.*, Sieradzki A., Stefańska D. (2024) Mechanism of isosymmetric polar 

order–disorder phase transition in pyroelectric [CH3CH2NH3]2NaGa(HCOO)6 double 

perovskite, Journal of Materials Chemistry C 12(13), 4663-4675 DOI: 

10.1039/D3TC04529C 

https://pubs.rsc.org/en/content/articlelanding/2024/tc/d3tc04529c 

 

• P3: Kabański A.*, Ptak M, Carlos L.D., Stefańska D.* (2025). Real-Time Temperature 

Monitoring with Cr3+-Based Hybrid Formate Perovskites: Insights into the Relation 

Between Chemical Composition and Thermometric Performance, Advanced Optical 

Materials 13, e01057 DOI:10.1002/adom.202501057 

https://advanced.onlinelibrary.wiley.com/doi/10.1002/adom.202501057 

 

• P4: Kabański A.*, Caputa K., Stefańska D.* (2025) High-sensitivity optical 

thermometry with Cr3+-doped hybrid formate perovskites: comparative analysis of 

ratiometric and lifetime-based approaches, Dalton Transactions 54, 15899–15908 DOI: 

10.1039/D5DT01748C 

https://pubs.rsc.org/en/content/articlelanding/2025/dt/d5dt01748c 

 

• P5: Kabański A.*, Caputa K., Stefańska D.* (2025) Multimodal temperature sensing 

in hybrid perovskites doped with Cr3+: strategy for optimizing luminescence 

thermometers, Journal of Materials Chemistry C 2025, 13, 23935-23944 DOI: 

10.1039/D5TC02943K 

https://pubs.rsc.org/en/content/articlelanding/2025/tc/d5tc02943k 

 

In the following sections of this work, methods associated with specific publications are 

denoted by corresponding symbols – from P1 to P5. 

  

https://pubs.acs.org/doi/full/10.1021/acsami.2c19957
https://pubs.rsc.org/en/content/articlelanding/2024/tc/d3tc04529c
https://advanced.onlinelibrary.wiley.com/doi/10.1002/adom.202501057
https://pubs.rsc.org/en/content/articlelanding/2025/dt/d5dt01748c
https://pubs.rsc.org/en/content/articlelanding/2025/tc/d5tc02943k
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6.1 Synthesis 

Within the dissertation, two synthesis methods were employed to obtain hybrid 

materials containing various concentrations of Cr3+ ions: the microwave-assisted hydrothermal 

method (P1, P2) and the slow-diffusion method (P3, P4, P5). The hydrothermal approach was 

used to synthesize materials with a double perovskite architecture, whereas the slow diffusion 

method was applied to obtain single perovskite-type materials. The selection of each synthesis 

method for a given group of compounds was based on insights from previous research on hybrid 

materials, which indicated preferred synthetic routes for particular material architectures. 

A summary of the investigated materials, categorized by synthesis method and corresponding 

publication, is presented in Figure 9. 

 

Figure 9. The categorized presentation of the investigated series of materials obtained with 

hydrothermal and slow-diffusion methods 

The microwave-assisted hydrothermal method was successfully employed for the synthesis 

of double perovskite-like materials. It was used to prepare two series of compounds described 

in publications P1 and P2. The process involves preparing an aqueous solution containing the 

precursors:  

• 4 mmol of trivalent metal precursor (e.g. Ga(NO3)3∙nH2O) or the mixture of  

a MIII compound and CrCl3∙6H2O (for doped samples) 

• 4 mmol (0.3262 g) of ethylamine hydrochloride (EA∙HCl), 

• 8 mmol (0.5441 g) of sodium formate (HCOONa), 

• 25 mL of N-ethylformamide (HCONHC2H5), 

• 5 mL of 98% formic acid (HCOOH), 

• 10 mL of water. 

The mixture was placed in a Teflon-lined vessel and heated (140°C) in a microwave-assisted 

mineralizer (Ertec Magnum II) for 24 hours. After the process, the solution was transferred to 
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a container and then left to slowly evaporate at room temperature (several days). The obtained 

crystals were then separated, washed with anhydrous ethanol, and dried in air. The schematic 

representation of the applied hydrothermal synthesis procedure is shown in Figure 10. 

 

Figure 10. The simplified scheme of the hydrothermal synthesis procedure 

The slow-diffusion method was utilized for the synthesis of the series of hybrid 

materials described in P3–P5. This technique relies on the gradual crystallization of the desired 

compounds at the interface between two solutions (A – heavy phase, and B – light phase) 

differing in density. In the first step, solution A is prepared by dissolving 8 mmol of an amine 

precursor (such as EA∙HCl) in 7.5 mL of methanol (MeOH), followed by the addition of 

1.5 mL of 98% formic acid (HCOOH) and 0.7 mL of triethylamine (TEA). The composition of 

solution B depends on the targeted chromium concentration. For undoped samples, solution B 

is prepared by dissolving 2 mmol of a divalent metal precursor (e.g., MnCl2) in 5 mL of MeOH. 

For Cr3+-doped compounds, a stoichiometric amount of CrCl3 to maintain the total 

concentration of metal ions equals 2 mmol. After both solutions are prepared, they are 

transferred into a glass tube (1 cm in diameter, 18 cm in length): solution A is added first 

(forming the heavier phase), followed by careful injection of solution B (the lighter phase) using 

a syringe to form an unmixed interface. The tube is then sealed and left undisturbed to allow 

crystal growth (several days). The resulting crystals are separated from the liquid, washed with 

anhydrous methanol (or ethanol), and air-dried. The schematic representation of the performed 

slow-diffusion method is presented in Figure 11. 

 

Figure 11. The simplified scheme of the slow-diffusion method 

Details regarding the suppliers of chemical reagents are provided in the synthesis 

descriptions included in publications P1–P5, attached to this dissertation (Chapter 11). 
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6.2 Characterization methods 

6.2.1 Powder and Single-crystal X-Ray Diffraction 

The purity of the samples presented in publications P1 and P3-P5 was examined by 

powder X-ray diffraction (pXRD) technique in the range 2θ = 10-80°, depending on the 

particular series (see details in Chapter 11). The implemented system was based on X'PertPro 

device, equipped with PIXcel detector and Ni-filtered CuKα radiation (λ = 1.54056 Å). 

Within the publication P2, the single-crystal X-ray diffraction (scXRD) technique was 

applied. The used device was a CCD Xcalibur diffractometer with graphite-monochromatic 

MoKα radiation (λ = 0.71073 Å). The scXRD measurements were conducted at 293 K and 

391 K. The corrections of the reflection intensities were applied in the form of Lorentz and 

polarization factors. The SHELX software was used to directly solve the obtained structures. 

The positions of the hydrogen atoms were established based on geometric considerations and 

refined using a riding model, with isotropic displacement parameters set to 1.2 times the Ueq 

value of the corresponding parent atom. Other atoms were identified from difference Fourier 

maps and refined by the full-matrix least-squares method employing an anisotropic 

approximation. Publication P2 includes two deposits in the Cambridge Crystallographic Data 

Centre: 2254366 (293 K) and 2254367 (391 K), containing supplementary crystallographic 

data. The deposits are available at https://www.ccdc.cam.ac.uk/structures. The structure 

drawings were prepared using Diamond 3 software (P1-P5). 

 

6.2.2 Raman and IR spectroscopy 

 The RT Raman studies were performed for the materials described in publications P1-

P3. The Raman spectra presented in P1 and P3 were measured using a Bruker MultiRAM 

spectrometer (2 cm–1 resolution, range 3600–21  cm-1). As an excitation source, the 1064 nm 

YAG: Nd3+ laser was used. Alternatively, for the work P2, the Bruker FT-Raman RFS 100/S 

spectrometer (range: 3600-80 cm−1) with a 1064 nm excitation line (YAG: Nd3+) was used. The 

temperature-dependent IR spectra were presented in the publication P2. The measurements of 

the investigated materials diluted in KBr pellets were conducted with a Nicolet iN10 FTIR 

microscope and a Linkam THMS600 stage equipped with ZnSe windows. The measurement 

range was 3250-675 cm-1, while temperature varied from 80 K to 410 K (40 K-step). 

Additionally, within the results presented in work P3, mid-IR ATR (attenuated total reflection) 

spectra were collected using a Nicolet iS50 infrared spectrometer equipped with the ATR 

module and diamond crystal. 

 

6.2.3 Differential Scanning Calorimetry 

The differential scanning calorimetry (DSC) was performed in the P1 publication. 

The heat capacity was measured from RT to 400 K using a Mettler Toledo DSC-1 calorimeter 

(0.4 μW resolution) with a nitrogen flow as a purging medium. The rates of heating and cooling 
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were 5 K∙min-1. The excess heat capacity assigned to the phase transition (PT) was determined 

by subtracting a baseline (representing the system variation without PT) from the obtained data. 

6.2.4 Diffuse-reflectance spectroscopy 

The RT diffuse reflection spectra were obtained for the materials in all of the 

publications P1-P5. For this method, the Varian Cary 5E UV/VIS-NIR spectrophotometer with 

a 0.5 nm step was implemented. The measurements were performed within a 200-2500 nm 

range with an Al2O3 reference.  

 

6.2.5 Temperature-dependent luminescence studies 

Temperature-dependent spectroscopic measurements are a key element of this 

dissertation and were therefore performed for all materials described in publications P1-P5. 

For this purpose, three measurement setups were employed.  

The first system was based on a temperature-controlled Linkam THMS600 

heating/freezing stage (range from 80 K up to 400 K). The Hamamatsu PMA-12 photonic 

multichannel analyser paired with a BT-CCD sensor was employed to obtain emission spectra. 

To reduce the emission intensity-to-noise ratio, each emission spectrum at a given temperature 

was obtained with multiple signal averaging. The number of averages was adjusted according 

to the experiment and the signal quality. As an excitation source, a 405 nm diode (PSU-III-

LED, 100 mW) was applied. The particular setup was used to characterize materials in 

publications P1-P5. 

A schematic diagram of the measurement setup is presented in Figure 12. 

 

Figure 12. The schematic representation of the setup used for temperature-dependent 

luminescence measurements 

The second applied measurement system was based on the Linkam THMS600 

heating/freezing stage (range from 80 K up to 400 K) conjugated with the FLS1000 

Fluorescence Spectrometer by Edinburgh Instruments (Figure 13). The PMT-980 detector was 

used for emission and excitation measurements, as well as for decay kinetics analysis. As an 

excitation source, the 450 W Xe2 xenon lamp (emission, excitation) and 100 W microsecond 

pulse lamp (model µF2) were applied. As an excitation wavelength, the 405 nm beam was 
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chosen to maintain the complementary excitation conditions to the first applied method. The 

setup was used for the characteristics of the materials presented in publications P3-P5.  

 

Figure 13. The simplified representation of the FLS1000/Linkam setup used for temperature-

dependent luminescence measurements 

Alternatively, for the measurements of luminescence decay kinetics presented in publication 

P1, the setup was based on a Ti-sapphire laser pumped with YAG: Nd3+ as the excitation source, 

combined with a McPherson optical system equipped with a Hamamatsu R7154P 

photomultiplier tube as a detector and a digital oscilloscope Tektronix MDO3052. Details 

regarding the setup configurations are provided in the method descriptions included in 

publications P1–P5, attached to this dissertation (see Chapter 11). 
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7. Results published in the series of publications P1-P5 

7.1 Publication P1 

 

ACS Applied Materials & Interfaces (2023), 15, 7074-7082 

Metal-Organic Framework Optical Thermometer Based on Cr3+ Ion 

Luminescence 

Adam Kabańskia,* Maciej Ptaka, Dagmara Stefańskaa* 

aInstitute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422 

Wrocław, Poland 

 

The publication P1 is the first work in a series of scientific reports concerning the 

potential of hybrid organic-inorganic materials doped with Cr3+ ions as highly sensitive 

luminescent thermometers. This publication describes an analysis of the [EA]2NaAl1-

xCrx(HCOO)6 series, where x = 0, 0.21, 0.30, 0.57, 0.78, and 1. The materials were synthesized 

using the hydrothermal method. The purity was confirmed by pXRD analysis, as well as Raman 

and (IR) spectroscopy. The compounds crystallize in the Pn space group; however, at 

approximately 373 K, they undergo a phase transition to the P21/n group, which is accompanied 

by an order-disorder transition. The investigated materials show a significant compositional 

diversity. Thus, preparation of the full concentration range of Cr3+ ions (0-100 mol.%) extends 

the current understanding of structural transitions and order-disorder phenomena in hybrid 

materials, as well as provides an excellent scope on the influence of Cr3+ concentration on 

spectroscopic characteristics and further thermometric potential.  

By preparing a series of compounds in which the concentration of chromium(III) varies 

across the entire compositional range, it was possible to perform a comprehensive analysis of 

the effect of Cr3+ ion concentration on the spectroscopic characteristics. Raman measurements 

revealed that increasing the Cr3+  content leads to a decrease in the intensity of bands at 227, 

290, 308, 630, 936, 1352, and 1682 cm-1, while new bands appear at 245, 1340, 1383, and 1672 

cm-1. Some of these bands exhibit significant changes in their relative intensity. These variations 

are associated with differences in the phonon properties of Cr3+/Al3+-O bonds and with local 

structural distortions arising from mixed CrO6/AlO6 octahedra. In particular, a pronounced 

spectral change was observed around 1352 cm-1 (Figure 14a). The variation in the relative 

intensity of selected Raman peaks can be used to estimate the Cr3+ ion concentration in the 

samples (Figure 14b). Due to the wide availability of Raman spectroscopy, the determination 

of metal ion concentration from Raman spectra can serve as a useful analytical tool in materials 

science. Consequently, this approach represents an interesting direction for future research. 
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Figure 14. (a) Comparison of the normalized Raman spectra for the band at 1352 cm-1, and (b) 

dependence of the band intensity at 1352 cm-1 on the Cr3+ ion concentration, including the 

corresponding linear fit. 

The DRS measurements showed that the studied material series exhibits characteristic 

absorption bands associated with Cr3+ ions (Figure 15a). The calculated Dq/B parameters 

indicate a non-linear variation in the crystal field strength as a function of Cr3+ ion concentration 

(Figure 15b). According to these calculations, the compounds demonstrate a gradual change in 

crystal field strength from strong-field to medium-field with increasing Cr3+ content. These 

results are consistent with the observed luminescence characteristics of the materials. 

 

Figure 15. (a) Diffuse reflectance spectra of the investigated series of materials;  

(b) variation of the optical band gap and crystal field strength 

Due to the medium-to-strong crystal field, a high emission intensity from the 2Eg→
4A2g 

transition was observed (Figure 16a). Investigated materials show a significant thermal 

quenching of the narrow spin-forbidden emission. Simultaneously, the broadband emission 

assigned to the 4T2g→
4A2g transition intensifies (Figure 16b), reaching its maximum around 

220 K. This behaviour is attributed to a thermally induced energy transfer from the lower 2Eg 
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state to the higher 4T2g state. Increasing the Cr3+ concentration enhances the relative contribution 

of the broadband emission compared to the narrow, spin-forbidden 2Eg→
4A2g transition. 

This effect originates from the weakening of the crystal field and corresponding changes in the 

energy levels.  

The observed temperature dependence of luminescence was the basis for developing a 

thermometric model based on the intensity ratio of emission bands (ratiometric approach). 

As the thermometric band, the parts of the emission spectra assigned to 2Eg→
4A2g and 

4T2g→
4A2g were established. The obtained luminescence intensity ratio (LIR) values are shown 

in Figure 16c. To provide a more detailed description of the thermometric performance, both 

absolute sensitivity (Sa) and relative sensitivity Sr were determined (Figures 16d-e). 

The maximum Sr value of 2.84%∙K-1 was achieved for the sample containing 21 mol.% of Cr3+ 

ions at 160 K. With increasing Cr3+ concentration, the temperature corresponding to the 

maximum relative sensitivity shifts toward higher values (Figure 16f). The ability to tune the 

optimal detection temperature range through adjustment of the Cr3+ concentration significantly 

extends the potential of the thermometric system. 

 

Figure 16. (a) Temperature-dependent emission spectra and (b) emission intensity map 

recorded for [EA]2NaAl1-xCrx(HCOO)6; (c) thermometric parameter (FIR); (d) absolute 

sensitivity (Sa); (e) relative sensitivity (Sr); and (f) combined influence of Cr3+ concentration 

and temperature on Sr 

To demonstrate the practical applicability of luminescent thermometry based on the 

investigated compounds, a prototype measurement setup was designed using one of the studied 

compounds. Initial tests were performed using a copper tube, where one end was placed in 

a container filled with liquid nitrogen (Figure 17a-b). The [EA]2NaAl1-xCrx(HCOO)6 crystals 

were attached to the tube surface with thermally conductive silver paste at three points, 

as shown in Figure 17b. The determination of temperature was performed according to the 
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model based on preliminary measurements under laboratory conditions (Figure 17c). 

The presented results clearly demonstrate the remarkable potential of these temperature-

sensitive luminescent materials. Among numerous advantages, a key feature is the ability to 

record emission spectra even in the presence of frost. Moreover, commercial thermal cameras, 

even high-end ones, typically operate only above -40°C, as shown in Figure 17a.  

 

Figure 17. Prototype thermometric setup: (a) thermal image, (b) photograph of the 

experimental system, and (c) recorded emission spectra for selected points with the 

corresponding FIR values and determined temperature 

Investigated hybrid phosphors exhibit excellent stability during repeated heating and 

cooling cycles. Performed emission stability measurements confirmed no significant changes 

in the LIR values, indicating that the materials can be successfully used in thermometric 

applications. Additionally, the absence of phase transitions within the operational temperature 

range further supports their thermal stability. What should be pointed out, due to the chemical 

sensitivity to the environmental conditions, such as humidity, the practical applicability of these 

materials should be further improved by employing protective strategies, such as resin 

encapsulation. 
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7.2 Publication P2 

 

Journal of Materials Chemistry C (2024), 12, 4663-4675 

Mechanism of isosymmetric polar order–disorder phase transition in 

pyroelectric [CH3CH2NH3]2NaGa(HCOO)6 double perovskite 

Maciej Ptaka,* Adam Kabańskia, Błażej Dziukb, Sergejus Balciunasc, Gediminas Useviciusc, 

Jan K. Zarębab, Juras Banysc, Mantas Simenasc, Adam Sieradzkd, Dagmara Stefańskaa 

aInstitute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422 

Wrocław, Poland 

aInstitute of Advanced Materials, Wrocław University of Science and Technology, 50-370 

Wrocław, Poland 

cFaculty of Physics, Vilnius University, LT-10257 Vilnius, Lithuania 

dDepartment of Experimental Physics, Wrocław University of Science and Technology, 50-370 

Wrocław, Poland 

 

The publication P2 is a continuation of the studies concerning the characteristics of 

hybrid double perovskites doped with Cr3+ ions. The presented publication is also focused on 

structural, dielectric, electric, optical, and phonon properties of a novel, unreported compound 

with the general formula [EA]2NaGa1-xCrx(HCOO)6, where x = 0 and 0.931. The investigated 

materials were synthesized using the hydrothermal method, analogous to the approach used in 

the P1 publication.  

The performed structural analysis showed that materials crystallize in the non-

centrosymmetric and polar Pn space group. Performed DSC analysis indicated an order-

disorder phase transition to the P21/n space group, occurring in the temperature range of 376–

379 K. Below the phase transition temperature, the system starts to order, resulting in 

a modification of the hydrogen-bond network and deformation of the metal-organic framework. 

The performed scXRD indicated that both phases are assigned to the same Pn space group. This 

is an extremely rare order-disorder polar-polar PT, which has been reported among formate 

perovskites only for the subgroup of [MHy]MII(HCOO)3 (M
II = Fe2+, Mg2+, Mn2+, and Zn2+). 

Within the presented publication, a wide range of characterization methods was applied, 

including electronic paramagnetic resonance (EPR) studies, dielectric analysis, pyrocurrent 

measurements, electric polarization analysis, as well as energy-dispersive X-ray spectroscopy 

(EDS). However, within the scope of this dissertation, particular focus should be directed 

toward optical characteristics – both linear and non-linear. The temperature-dependent second-

harmonic generation (SHG) study was performed for an undoped compound by irradiating the 

sample with femtosecond laser pulses (λexc = 800 nm) in the 354-403 K temperature range. Both 

the low-temperature phase (LTP) and high-temperature phase (HTP) phases exhibit measurable 
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SHG activity, confirming the non-centrosymmetric nature of both phases. A gradual decrease 

in SHG intensity with increasing temperature was observed in the LTP, with an inflection point 

near 387 K, above which the SHG intensity remains constant (HTP). Furthermore, the process 

shows negligible thermal hysteresis between the heating and cooling cycles (Figure 18). These 

features indicate a continuous transition between two acentric phases, consistent with the DSC 

results. 

 

Figure 18. Integral intensities of the SHG signal for heating and cooling runs 

The investigated compounds may show a coexistence of nonlinear and linear optical 

properties. The Cr3+-doped materials exhibit a photoluminescence under excitation with 

a 405 nm laser beam. At 80 K, the emission spectrum is characterized by narrow and intense 

emission (around 700 nm), assigned to the 2Eg→
4A2g  transition. However, the presence of the 

less-intensive broadband emission (720-900 nm), assigned to the 4T2g→
4A2g, is observed. 

It indicates a medium-to-strong crystal field (Figure 19a). This prediction is confirmed by DRS 

analysis, which provided a Dq/B value equal to 2.35. As the temperature increases, the intensity 

of the emission from the spin-forbidden 2Eg transition significantly decreases, while the 

intensity of the broadband emission 4T2g→
4A2g  initially increases (Figure 19a–c). The 

maximum intensity of the broadband emission is observed at approximately 190 K (Figure 

19c). This phenomenon can be described as a thermally induced energy transfer from the lower 
2Eg level to the higher 4T2g level. Above 190 K, a regular thermal quenching process occurs due 

to non-radiative crossover between the 4T2g excited state and the 4A2g ground state. This process 

is illustrated schematically by the energy level diagram of chromium(III) ions (Figure 19d). 

HTP 

LTP 
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Figure 19. (a) Temperature-dependent emission spectra of  [EA]2NaGa0.069Cr0.931(HCOO)6, 

(b) thermal evolution of the luminescence, (c) integrated emission intensity of the spin-

forbidden 2Eg→
4A2g  and spin-allowed 4T2g→

4A2g  transitions, and (d) the schematic energy 

level diagram 

The significant changes in emission intensities in luminescence spectra provided the 

basis for developing a luminescent thermometry model utilizing the fluorescence intensity ratio 

of two bands, assigned to the spin-forbidden (660-718 nm) and spin-allowed (718-970 nm)   

transitions. The developed model demonstrates a high relative sensitivity of up to 2.11%∙K-1 at 

150 K, which is comparable to other Cr3+-based systems relying on the coexistence of two 

emission channels presented in P1. Moreover, the ability of these materials to exhibit second-

harmonic generation opens new perspectives for integrated optical thermometry, combining 

linear and nonlinear optical functionalities within a single hybrid system. 
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7.3 Publication P3 

 

Advanced Optical Materials (2025), 13(25), e01057 

Real-Time Temperature Monitoring with Cr3+-Based Hybrid Formate 

Perovskites: Insights into the Relation Between Chemical Composition and 

Thermometric Performance 

Adam Kabańskia,* Maciej Ptaka, Luis Dias Carlosb, Dagmara Stefańskaa* 

aInstitute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422 

Wrocław, Poland 

bPhantom-g, CICECO – Aveiro Institute of Materials, Physics Department, University of 

Aveiro, 3810-193 Aveiro, Portugal 

 

The results presented in publications P1-P2 concern the characteristics of double 

perovskites containing Cr3+ ions. However, the group of single perovskites also shows 

a valuable characteristic, especially from the spectroscopic and thermometric point of view. 

The publication P3 describes the developed series of 20 samples with a general formula 

[DMA]MII(HCOO)3: xCr3+, where MII
 = Zn2+, Mn2+, Mg2+, Ni2+, Co2+, and x = 0, 1, 3, and 

5 mol.% of Cr3+, with respect to the MII ion. The slow-diffusion method was applied to prepare 

the investigated series of hybrid materials, according to the procedure described in Chapter 

6.1. 

The group of [DMA]MII(HCOO)3 compounds shows the trigonal space group R3̅c, with 

the disordered DMA+ cations located in the cages of the metal-organic network. A decrease in 

temperature results in ordering of the DMA+ cations, associated with the decrease of symmetry 

to the Cc space group. This order-disorder phase transition takes place within the 156-270 K 

range, depending on the type of MII cation. Performed pXRD measurements demonstrated that 

all obtained crystals are phase-pure and confirmed that an aliovalent doping with chromium(III) 

ions (up to 5 mol.% ) has no effect on the hexagonal R3̅c symmetry. The limitation of the 

possible Cr3+-doping is most likely linked to the charge mismatch occurring under an increase 

in the Cr3+/M2+ ratio and resulting structural destabilization caused by defects. 

To provide a more comprehensive look at the phonon characteristics, ATR and Raman 

studies were performed. The differences in obtained spectra were observed for different metal 

ions, mainly changes in intensity or varying component numbers. It originates from differences 

in crystal lattice parameters, metal-ion radii and electronegativity of MII
 cations, perovskite 

cavity size and hydrogen-bond strength. Among the concentration series, the aliovalent doping 

with Cr3+ ions up to 5 mol.% did not significantly affect the obtained spectra. Only shift and 

broadening (up to 1-2 cm-1) of certain bands were observed, which can be assigned to the 

increase in substitutional disorder and the creation of defects. Performed phonon studies, 
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detailed in the described publication P3, provides an important insight into the fundamental 

properties of the obtained hybrid materials. 

Considering the broad range of investigated materials, the present study P3 provides a 

valuable opportunity for a comparative analysis of compounds that differ not only in the type 

of metal cation MII but also in the chromium doping level. The conducted DRS measurements 

revealed the significant influence of the MII cation on the recorded spectra. For the materials 

containing Zn2+ and Mg2+ ions, the DRS spectra of the Cr3+-related region show three 

characteristic bands associated with the main transitions in chromium(III) ions: 4A2g→
2Eg 

(~14550 cm-1),  4A2g→
4A1g (~17200 cm-1), and 4A2g→

4A2g (~24000 cm-1). The change in the 

Cr3+ ion concentration does not significantly affect the position of the mentioned bands. Within 

the Mn2+, Ni2+, and Co2+-series, the presence of both types of excitation bands – assigned to 

originating from given M2+ and Cr3+ ions – was observed. Exemplary, for the Mn2+-based 

materials, the presence of transitions from 6A1 to 4E, 4T2, 
4A1, 

4E, and 4T1 energetic levels was 

recorded (Figure 20). 

 

Figure 20. A comparison of excitation spectra of the Mn-series monitored at 699 nm at 80 K 

The performed DRS studies were used to determine Dq/B and other Racah parameters. By the 

analysis of the bands' position, the CF strength of Zn- and Mn-based compounds was reported. 

Zinc-based materials exhibit Dq/B values from 2.34 (x = 0.01) via 2.49 (x = 0.03) to  

2.36 (x = 0.05), which indicates the intermediate/strong crystal field. Magnesium-based 

samples exhibit greater diversity of Dq/B parameter – from 2.22 (x = 0.01), via 3.42 (x = 0.03), 

to 3.13 (x = 0.05). Due to the overlap of the absorption bands of Mn2+, Co2+, and Ni2+ with the 

absorption bands of Cr3+, to estimate the general influence of MII cation type on CF strength, 

the metal-ligand distance was analyzed. Due to the lack of photoluminescence of Ni2+ and Co2+ 

derivatives, this analysis was limited to other materials. For the Mg2+ sample, the initial (without 

Cr3+ doping) crystal field is 0.0250, and for Zn2+-based compounds — 0.0236. The lowest value 

of CF is, in turn, observed for Mn2+ (0.0199), as it is shown in Figure 21. The performed method 

should not be used for the direct comparison of undoped and doped compounds. However, it 

proves the general prediction – higher CF strength is observed for Mg2+-based materials. Even 

though the presented approach is not directly complementary to estimations conducted with the 

DRS technique, the method based on metal-ligand distance analysis may be a useful tool in the 
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prediction of the general qualities of Cr3+-doped materials. What is more, due to the overlapping 

of the absorption bands assigned within the Mn-based series, the determination of the Dq/B 

parameter with the conventional method based on the DRS technique could not be conducted. 

Thus, this method may provide valuable insights into the dependence of the divalent metal ion 

on CF strength and resulting spectroscopic properties. 

 

Figure 21. The influence of the metal type on the metal-ligand distance and the following CF 

strength  

Zinc-, manganese-, and magnesium-based compounds exhibit strong 

photoluminescence related to the presence of Cr3+ ions. Materials containing Co2+ and Ni2+ 

ions, in turn, did not show detectable luminescence due to efficient non-radiative energy transfer 

from excited Cr3+ ions to Co2+ and Ni2+ levels. The luminescent measurements were performed 

under 405 nm excitation, corresponding to the 4A2g→
4A1g transition. At 80 K, 

[DMA]Zn(HCOO)3 series of doped compounds shows several narrow emission lines typical of 

low-temperature Cr3+ luminescence. The most intense,  called the R1 line, is localized at 686.1 

nm, while additional bands are recorded at 698.3, 706.5, 726.4, and 753.8 nm. Among the zinc 

series, the strongest emission and highest quantum efficiency (7.8%) were recorded for the 

sample containing 3 mol.% of Cr3+ ions. Lower or higher chromium concentrations lead to 

a reduction in emission intensity and quantum efficiency. A comparison of representative 

materials containing 3 mol.% of Cr3+ ions indicates that the Zn-based sample exhibits the 

highest luminescence intensity, while the Mn-derivative exhibits the weakest. The emission 

spectra are generally similar for all matrices, featuring the R1 line and accompanying less-

energetic bands. 

As presented in publications P1-P2, the temperature has a crucial influence on the 

luminescent characteristics of Cr3+ ions. Within the series described in work P3, the increase in 

temperature induces a reduction in R1 line intensity. Simultaneously, the significantly less-

intensive broadband emission (centered ~796 nm) appears due to the thermally induced 

population of the 4T2g excited state. The T0.5 parameter shows that a cumulative intensity of 

luminescence is reduced by half at ~154 K. At room temperature, the Zn-based material doped 

with 3 mol.% Cr3+ retains the highest emission intensity. The detectable luminescence around 

room temperature is a phenomenon that has not been observed for hybrid formates doped with 

Cr3+ ions before.  
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Temperature-dependent luminescence studies were used to establish a thermometric 

model based on a ratiometric approach. Due to the notably greater intensity of the 2Eg→
4A2g 

emission than the 4T2g→
4A2g transition, model determination was based on the analysis of the 

intensity of the R1-line (680-689 nm) and less-energetical Stokes band (720-732 nm), as it is 

shown in Figure 22a. The change in the LIR value over temperature, combined with the 

operating range, is presented in Figure 22b. For all of the investigated samples, a growth in 

temperature causes the initial increase of the Sr values, achieving maximum values within the 

150–180 K range, depending on the sample composition (Figure 22c). The highest relative 

sensitivity (2.5%∙K−1) is observed for Mn-based compounds doped with 5 mol.% of Cr3+ ions. 

Among Zn- and Mg-based series, the highest Sr values are observed for the samples containing 

3 mol.% (2.4%∙K−1) and 1 mol.% (2.2%∙K−1) of dopant, respectively (Figure 22d). The Mg-

based materials exhibit the shift of maximal Sr values within the concentration series toward 

higher temperatures. Such a phenomenon is not observed for other materials in the study. 

However, an analogous observation has been reported in publication P1. The thermometric 

operating ranges, depending on the material, vary from 80 K to 230 K.  

The presented thermometric analysis was performed based on the two temperature-

dependent ranges assigned to the spin-forbidden 2Eg→
4A2g transition. The adopted paradigm of 

ratiometric thermometric analysis is based on the comparison of two independent temperature-

sensitive transitions. Such an approach has been presented in publications P1 and P2, where 

the calculation of the LIR parameters was based on the ratio of 2Eg→
4A2g and 4T2g→

4A2g 

transitions. In this particular system, the intensity of the spin-allowed 4T2g→
4A2g transition was 

not high enough to implement this particular method. The approach presented in publication P3 

is based on a single-transition analysis, which is not a commonly used technique. 

 

Figure 22. (a) Temperature-dependent emission spectra of Zn-based compound doped with 1 

mol.% of Cr3+ with I1 and I2 markers and changes in: I1 and I2 values (inside); (b) luminescence 
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intensity ratio (LIR) combined with LIR determination error bars and operating range of the 

thermometer; (c) relative sensitivity (Sr) of zinc-series; (d) comparison of Sr values for series 

of materials containing 3 mol.% of Cr3+ ions and different MII cation 

To demonstrate the performance and practicality of the developed luminescent 

thermometers, an experimental setup, analogous to the system presented in publication P1, was 

constructed (Figure 23a). A copper pipe was partially immersed in an insulated container made 

of extruded polystyrene foam filled with liquid nitrogen. The container remained open to allow 

natural evaporation. Several crystals of the Mn-based compound doped with 5 mol.% of Cr3+ 

were attached to the pipe surface using silver paste, and their luminescence was continuously 

monitored. When the luminescence intensity reached its maximum, indicating thermal 

stabilization, a sequence of luminescence spectra was recorded every 5 s. During the 

experiment, the sample temperature varied due to nitrogen evaporation (heating) and periodic 

refilling of the container (inducing a sensor cooling). Each recorded spectrum was processed to 

calculate LIR values, which were then converted to temperature using a previously calibrated 

thermometric model. The resulting temperature profile (Figure 23b) clearly reflected the 

dynamic changes in the system: a gradual temperature rise as nitrogen evaporated (range 1), 

rapid cooling and temporary stabilization after refilling (range 2), a subsequent linear increase 

(range 3), and a further cooling-heating cycle (ranges 4-5). The final stage (6), when liquid 

nitrogen was fully removed, produced a distinct and rapid temperature increase. Minor 

fluctuations were attributed to air circulation and unsteady thermal conditions. 

 

Figure 23. (a) The visualization of the experimental setup and (b) the change in temperature of 

a sensor during the experiment  
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This experiment highlights the strong potential of luminescent thermometers for real-time 

temperature monitoring under nonideal and fluctuating environments. The method effectively 

monitored both subtle and large temperature variations. These results confirm that formate-

based hybrid perovskites possess sufficient characteristics for remote thermometry. 

The demonstrated Cr3+-based luminescence approach offers a promising perspective toward 

non-lanthanide optical probes for remote and fast temperature detection. 
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7.4 Publication P4 

 

Dalton Transactions (2025), 54, 15899-15908 

High-sensitivity optical thermometry with Cr3+-doped hybrid formate 

perovskites: comparative analysis of ratiometric and lifetime-based 

approaches 

Adam Kabańskia,* Kacper Caputa, Dagmara Stefańskaa* 

aInstitute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422 

Wrocław, Poland 

 

The continuation of the research on the use of hybrid compounds containing Cr3+ ions 

as luminescent thermometers, presented in papers P1–P3, is the extension of the analyzed 

thermometric model by including the analysis of luminescence decay kinetics, as it is presented 

in paper P4. In paper P4, similarly to paper P3, a series of single perovskite-like materials with 

the general formula [EA]Mg(HCOO)3: xCr3+, and x = 0, 1, 3, and 5 mol.% of Cr3+, was 

synthesized using the slow-diffusion method. 

The structural and phonon properties of the compound with the [EA]Mg(HCOO)3 

formula have already been reported in the literature; therefore, in paper P4, particular attention 

was focused on the spectroscopic and thermometric properties of the series of compounds also 

containing Cr3+ ions. Nevertheless, to provide a comparison with other compounds discussed 

throughout this dissertation, it should be noted that these materials crystallize in the non-

centrosymmetric Pna21 phase, with a phase transition to the R3̅ phase occurring at 316-373 K 

range. The second phase transition, to the orthorhombic Imma space group, takes place within 

the 415-426 K range. The performed pXRD analysis showed the appearance of additional 

signals at approximately 18° and 34.5° in the sample containing 5 mol% of chromium(III) ions, 

which can be attributed to structural defects that destabilize the crystal lattice while trivalent 

Cr3+ is incorporated into the divalent Mg2+ site. This phenomenon may be an explanation for 

the limited achievable Cr3+ concentration (up to ~5 mol.%). These results follow the analogous 

limitation observed within the series of DMA-based compounds presented in P3. 

 Conducted DRS studies showed the presence of characteristic absorption bands 

assigned to 4A2g→
2Eg, 

4A2g→
4A1g, and 4A2g→

4A2g transitions. The obtained results correspond 

to those reported in P1-P3. According to the DRS spectrum, the Dq/B values were determined. 

Analysed compounds show intermediate-to-strong crystal field with Dq/B equal to 2.43, 2.45, 

and 2.62, for materials containing 1, 3, and 5 mol.% of Cr3+ ions. The obtained results of DRS 

studies, indicating intermediate-to-strong CF, generally correspond to the performed 

temperature-dependent PL studies. The investigated materials exhibit strong 

photoluminescence under 405 nm excitation wavelength. At 80 K, several narrow emission 

bands are observed. The most intense peak at 686.5 nm, identified as the R1, is attributed to the 
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spin-forbidden 2Eg→
4A2g transition. Additional sidebands are observed at 696.8, 726.5, and 

754.5 nm. A significantly weaker broadband emission appears in the 720-1000 nm range 

(4T2g→
4A2g). Even at 270 K, a weak emission from the 4T2g level remains detectable, although 

it is approximately 5000 times weaker than the R₁ line intensity recorded at 80 K. Investigated 

materials show consistent temperature-dependent spectroscopic characteristics with other 

materials presented in publications P1-P3.  

A notable aspect of publication P4 is the demonstration of a combination of two 

thermometric models – ratiometric and lifetime-based. The method based on the analysis of 

luminescence decay kinetics has not been previously explored within the class of hybrid 

compounds containing solely Cr3+ ions. The ratiometric method, presented also in publications 

P1-P3, involves comparing the integral intensities of two selected emission regions - 

675-692 nm (I1) and 710-1000 nm (I2), assigned to the thermally coupled 2Eg→
4A2g and 

4T2g→
4A2g transitions, respectively (Figure 24a-b). The calculated values of luminescence 

intensity ratio (LIR) were further used to determine the relative sensitivity of the investigated 

materials (Figure 24c). Maximum Sr values of 2.69%∙K-1 (120 K), 3.07%∙K-1 (130 K), and 

2.48%∙K-1 (120 K) were obtained for the samples containing 1, 3, and 5 mol.% of Cr3+ ion, 

respectively. The highest sensitivity, observed for the materials with 3 mol.% of the dopant, 

results from the most pronounced reduction in LIR parameter with increasing temperature. The 

operating range of each thermometer was determined based on temperature detection 

uncertainty analysis. The sample with 3 mol.% of Cr3+ ions shows the widest operating range 

and high thermal resolution (< 0.05 K). Other materials show a sensing range from 80 K to 150 

K.  

 

Figure 24. (a) Temperature-dependent luminescence spectra of the materials doped with 3 

mol.% of Cr3+ ions; (b) thermal quenching of the I1 and I2 ranges; (c) the reduction in the LIR 

parameter over temperature 

In the lifetime-based model, the average luminescence lifetime (τavg) of the emission at 

686.5 nm (R1 line) serves as the thermometric parameter. The change in decay curves in 

temperature, as shown in Figure 25a, is primarily caused by enhanced non-radiative processes 

and thermal activation to the higher 4T2g state, which results in intensification of spin-allowed 

emission. At 80 K, τavg decreases systematically with higher concentration of Cr3+ ions, which 

is consistent with the observations presented in manuscripts P1-P3. As temperature rises, 
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decays decrease following a quasi-Arrhenius model (Figure 25b). Analogous to the ratiometric 

method, the Sr parameters were determined. The obtained values of relative sensitivity show 

that within the Mg-series, the compositional dependence is minimal. The maximum sensitivities 

reach 2.97%∙K-1 (140 K) for 1 mol.% sample, 2.90%∙K-1 (139 K) for 3 mol.%, and 2.94%∙K-1 

(138 K) for 5 mol.% (Figure 25c). These high and comparable Sr values indicate that the 

lifetime-based method may provide a stable and reliable thermometric approach.  

 

Figure 25. (a) Temperature-dependent decay curves (sample with 3 mol.% of dopant); (b) the 

τavg as a function of temperature with fitting function; and (c) the change in Sr values with 

temperature 

These findings demonstrate that lifetime-based thermometry provides sensitivity comparable 

to ratiometric models. Provided results show that an implementation of a dual-mode 

thermometric approach, combining both ratiometric and lifetime methods, can significantly 

enhance precision and versatility in temperature monitoring. 

What is more, publication P4 also discusses the influence of organic cation size on 

thermometric characteristics. As the size of the amine cation increases (DMA+ < EA+ < GA+), 

the relative sensitivity tends to decrease. Among cations of similar size, such as DMA⁺ (272 

pm) and EA⁺ (274 pm), the molecular geometry becomes an important factor. The more linear 

structure of EA⁺ compared with DMA⁺ contributes to the higher sensitivity observed in EA⁺-

containing compounds. Even though these observations are, at present, primarily 

phenomenological, they may mark an important step toward the more aware design of advanced 

luminescent thermometric materials.  
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7.5 Publication P5 

 

Journal of Materials Chemistry C (2025), 13, 23935-23944 DOI: 10.1039/D5TC02943K 

Multimodal temperature sensing in hybrid perovskites doped with Cr3+: 

a strategy for optimizing luminescent thermometers 

Adam Kabańskia,* Kacper Caputa, Dagmara Stefańskaa* 

aInstitute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422 

Wrocław, Poland 

 

An extension of the concept of multiparametric luminescent thermometry in hybrid 

Cr3+-based materials is presented in study P5, in which a series of compounds 

[EA]Mn(HCOO)3: xCr3+, and x = 0, 1, 3, and 5 mol.% of Cr3+, was investigated. A key aspect 

of this work is the comparative description of sensing performance obtained from multiple 

thermometric models, including ratiometric approaches employing various thermometric 

ranges, as well as the method based on the kinetics of luminescence decay. Although the host 

material itself - [EA]Mn(HCOO)3 - has been previously described in the literature,  

its Cr3+-doped derivatives have not yet been investigated, making this study the first attempt to 

explore them.  

The structural characteristics of the undoped analogue, [EA]Mg(HCOO)3, have been 

described previously; at room temperature, it crystallizes in the noncentrosymmetric Pna21 

space group. The phase transitions have not been reported. To evaluate the quality of the 

synthesized materials and to understand the effect of incorporating Cr3+ ions, pXRD 

diffractograms were collected and compared with simulated patterns based on single-crystal 

data. All samples exhibit sufficient quality, which confirms that aliovalent doping with Cr3+ 

ions is possible up to 5 mol.%. This upper limit is consistent with related hybrid materials 

containing Mn2+, presented in study P3, and other single-perovskite materials (P3-P4) 

Performed DRS measurements provided consistent results with other studies (P1-P4), 

especially those focused on Mn2+-based materials presented in publication P3. The undoped 

sample, containing only Mn²⁺ ions, exhibits several low-intensity absorption bands 

corresponding to electronic transitions originating from the 6A1g energy level of manganese(II) 

ions (Figure 26). After incorporating Cr3+ ions into the structure, three characteristic absorption 

bands become visible at approximately. More intensive Cr3+-related absorption bands almost 

fully overshadow the less intensive bands assigned to the transitions within Mn2+ ions; however, 

their influence on the shape of the cumulative absorption bands is non-negligible. For this 

reason, an initial estimation of CF strength was based on metal-ligand distance, as it was 

proposed in publication P3. Comparison with analogous compound [DMA]Mn(HCOO)3 

showed a slightly higher distance-related CF parameter (1/R5 = 0.0199) than the EA-based 

compound (0.0196). Nevertheless, both values are considerably lower than those reported for 
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Zn2+ and Mg2+ analogues - 0.0236 and 0.0250, respectively. It may indicate weaker crystal field 

effects in Mn-based structures. 

 

Figure 26. (a) The diffuse reflectance spectra of a series of [EA]Mn(HCOO)3: xCr3+ 

The undoped [EA]Mn(HCOO3 compound does not exhibit Mn2+-related luminescence 

due to strong concentration quenching. On the other hand, the Cr3+-doped materials show strong 

luminescence characteristics to chromium(III) ions in an intermediate-to-strong crystal field. 

At 80 K, it contains several narrow emission bands, where the most intense peak appears at 

685.4 nm (R1 line). Additional Stokes sidebands are observed at 697.1 nm, 725.4 nm, and  

753.1 nm. When the Cr3+ concentration increases, a broad emission band emerges between  

720-950 nm. The emission is strongly temperature-dependent: as the temperature rises, the 

overall luminescence intensity decreases, and the spectral profile changes. Thermal quenching 

is not equally progressive - the R1 line is quenched the fastest, while the relative contribution of 

the broadband emission increases.  

 

Figure 26. (a) The temperature-dependent luminescence of the sample doped with 3 mol.% of 

Cr3+ ions; (b) the focus on 4T2g→
4A2g emission range; (c) the normalized luminescence spectra 

of the compound with 3 mol% of Cr3+ ions at 80 K and 160 K 
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To provide a more comprehensive description of the temperature- and concentration-

related spectroscopic characteristics of the investigated materials, the luminescence decay 

measurements were performed. The R1 line shows double-exponential decay, attributed to local 

charge mismatch and structural distortions around Cr3+ sites. Increasing dopant concentration 

shortens the average luminescence lifetime. Among the investigated series, the determined τavg 

values were equal to 0.34 ms, 0.40 ms, and 0.78 ms, for materials containing 1, 3, and 5 mol.% 

of dopant, respectively. The increase in temperature also reduces the average lifetime, which is 

consistent with other hybrid Cr3+-doped perovskites (P1-P4). The temperature-dependent 

change in luminescence spectra and decay kinetics has been used as a fundamental for 

thermometric models determination.  

In the publication P5, the comparison of the performance of two main luminescent 

thermometric approaches was investigated: ratiometric and the lifetime-based methods. 

The ratiometric approach is further subdivided into three models, each based on a different 

determination of the LIR parameter. By examining multiple thermometric ranges, the most 

effective combination of spectral bands for temperature sensing was identified. What is more, 

the lifetime-based method was implemented as the second, independent sensing approach. The 

general idea of the multiparametric analysis is presented in Figure 27. 

 

Figure 27. The strategy of multiparametric thermometric analysis 

Ranges I1 and I2 exhibit nearly identical temperature responses, indicating that both can be 

assigned to the 2Eg→
4A2g transition. In contrast, I3 and I4 show different quenching 

characteristics (Figure 28a). It leads to a distinct dependency of LIR parameters on temperature 

(Figure 28b). The most progressive reduction is observed for LIR14, which results from the 

largest contrast in thermal quenching between I1 and I4. Less pronounced decreases occur for 

LIR12 and LIR13. Due to the significantly similar temperature-response of I1 and I2 ranges, the 

change in LIR12 parameter is the slowest. To evaluate sensing performance, the relative 

sensitivities were determined.  
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  Among the exemplary compound doped with 3 mol.% of Cr3+ ions, the highest 

sensitivity (3.91%∙K-1) is obtained for LIR14, while LIR12 yields the lowest value (0.47%∙K-1), 

consistent with its slow thermal evolution (Figure 28c). These results are consistent with 

a purely mathematical understanding of the relative sensitivity, linking high Sr value with the 

progressivity of temperature-based reduction in thermometric parameter. From the practical 

point of view, the high sensitivity can simultaneously limit the sensing range due to the rapid 

reduction of the luminescence below the detection and/or accuracy minimum.  

The potential of thermometric models based on analysis of the ratio between 2Eg→
4A2g 

and 4T2g→
4A2g transitions has been proved in publications P1-P4. Within the work P5, this 

statement is additionally confirmed; however, the LIR13 model - incorporating phonon 

sidebands demonstrates strong potential for materials with a strong crystal field, where the 4T2g 

emission is, in principle, suppressed. In such cases, temperature-sensitive phonon bands offer 

an alternative route for achieving high sensitivity. 

 

Figure 28. Temperature-induced changes in: (a) thermometric ranges I1-I4; (b) LIR parameters; 

and (c) relative-sensitivities. The results were determined for the sample doped with 3 mol.% 

of Cr3+ ions 

To enrich the comparative analysis, the determination of the sensing performance was 

also performed according to the lifetime-based approach. Within the investigated series, the 

increasing temperature significantly shortens the average luminescence decay time of the 

emission assigned to the R1 line (685.4 nm), as it is presented in Figures 29a-b. Obtained results 

show high sensitivities up to 5.14%∙K-1 (1 mol.% of Cr3+ at 143 K), exceeding those obtained 

with the ratiometric approach (Figure 29c). Other materials show sensitivities equal to 

4.23%∙K-1 and 4.32%∙K-1, for materials doped with 1 and 3 mol.% of Cr3+ ions.  
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Figure 28. (a) Temperature-dependent decay curves of a sample doped with 1 mol.% of Cr3+ 

ions; (b) the change in the τavg(T) value with fitting function; (c) the change in the Sr parameter 

Increasing dopant concentration reduces the average lifetime and shifts the temperature 

of maximum sensitivity to lower temperatures, which is consistent with enhanced population 

of the thermally coupled 4T2g
 level. Unlike ratiometric thermometry, lifetime-based sensitivity 

decreases at higher dopant concentrations, indicating that low Cr³⁺ levels and strong crystal 

fields are optimal. A comparative thermometric investigation has shown a potential for 

multiparametric model determination, which may significantly increase the sensing capability. 
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8. Summary 

The presented series of publications P1-P5, collectively describes the characteristics of 

chromium(III)-doped hybrid organic-inorganic formates as well as demonstrates the versatility 

and high potential for luminescent thermometry. The Cr3+ ions have been applied as an optical 

probe whose spectroscopic properties are strongly dependent on the chemical composition of 

the host material. Observed luminescent characteristics may be influenced by a change in the 

type of organic cations and the type of metal ions. Within the presented series of publications 

P1-P5, two general groups of materials have been investigated: 

- P1-P2: double perovskite - [EA]2NaMIII(HCOO)6: xCr3+, where MIII = Al3+, Ga3+; x = 

0-100 mol.% (Al3+) or 0.931 mol.% (Ga3+), 

- P3-P5: single perovskites - [A]MII(HCOO)6: xCr3+, where A = DMA+, EA+; MII = Zn2+, 

Mn2+, Mg2+, Ni2+, Co2+ (DMA+) or Mg2+, Mn2+ (EA+); x = 0-5 mol.% (DMA+, EA+). 

Although the works examine different families of materials - double and single perovskite-like 

compounds, significant similarities in compositional and structure-related dependences on 

spectroscopic and further thermometric characteristics have been distinguished. 

The specific objectives of the doctoral dissertation that were achieved include: 

1. Development of a synthesis method for hybrid compounds and their further 

structural investigation (P1-P5) 

Across all works, synthesis involves solution-based methods to obtain high-

quality crystalline materials. The microwave-assisted hydrothermal technique can be 

successfully implemented for double-perovskite materials preparation, as is presented 

in publications P1 and P2. On the other hand, for the single-perovskite materials (P3-

P5), the slow-diffusion method has been chosen as the most prominent one. Within the 

P3-P5 publication, presenting single-perovskite materials, the Cr3+ replaces M2+ metal 

ions aliovalently and therefore can be introduced only up to about 5 mol.% before 

structural destabilization, preventing crystallization, occurs. In double-perovskites (P1-

P2), due to charge neutrality, the M3+/Cr3+ ion substitution can be performed across the 

entire composition range (0–100%). Obtained pXRD patterns confirm the formation of 

phase-pure crystalline products. While Cr3+ incorporation may cause slight peak shifts 

or broadening, the overall symmetry remains unchanged. The similarities in space 

groups between the presented materials can be observed. Double perovskite-like 

materials (P1-P2) crystallize in polar Pn space group, showing phase transition to high-

temperature P21/n group (377 K for P1 and 369-373 K for P2). Within the three 

presented series of single perovskites (P3-P5), a higher variety of structural properties 

can be observed: DMA-based compounds (P3) crystallize in R3̅c space group with 

a phase transition to Cc group within the range 156-270 K; EA-based materials with 

Mg2+ cations (P4) show Pna21 phase, which transforms to R3̅ (373 K), and further to 

Imma (426 K for heating and 415 K for cooling). The EA-derivative containing Mn2+ 

ions (P5), in turn, crystallizes in the Pna21 phase without reported phase transitions. 

Moreover, some of the presented perovskites (P2-P4) exhibit order-disorder phase 

transitions associated with the reorientation of the organic cations. Reported phase 
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transitions do not affect the luminescence-related thermometric performance, due to the 

non-overlapping temperature of these transitions with the emission temperature range. 

The summary of the structural parameters is presented in Table 2. The conducted 

analyses constitute a valuable contribution to further research on the influence of 

chemical composition on structural properties as well as lattice and organic cation 

dynamics in hybrid compounds. 

 

2. Spectroscopic analysis of the obtained compounds 

Diffuse reflectance spectroscopy confirms the presence of Cr3+ ions in the hybrid 

frameworks, enabling assessment of their local coordination environment. In all 

systems, DRS spectra reveal the characteristic Cr3+ absorption bands corresponding to 

the 4A2g→
2Eg, 

4A2g→
4A1g, and 4A2g→

4A2g transitions, demonstrating successful 

incorporation of chromium(III) ions into the octahedral metal sites. Within the Mn2+-, 

Ni2+-, and Co2+-based compounds (P3 and P5), partial overlap of Cr3+ and M2+ ion-

related absorption bands has been observed, which introduces uncertainty in the 

determination of accurate crystal field and Racah parameters. As a result, the metal-

ligand distances were used to estimate crystal field strength. Provided DRS studies, 

combined with metal-ligand analysis and luminescence studies, have reflected the 

general trend in presented studies: Mg2+- and Zn2+-based compounds doped with Cr3+ 

ion exhibit stronger crystal fields than Mn2+-derivatives, which is consistent with their 

longer average metal–oxygen distances. Altogether, DRS measurements provide 

consistent spectroscopic information concerning Cr3+ ions incorporation and show how 

compositional differences modulate the crystal field strength, which in turn governs the 

luminescence and thermometric characteristics discussed throughout this dissertation. 

Materials presented in a series of publications P1-P5 exhibit consistent and 

comparable luminescent characteristics. Under the 405 nm excitation, overlaying the 
4A2g→

4T1g transition, investigated materials, excluding Ni- and Co-containing materials 

from the DMA-based series, show strong luminescence assigned to the narrow spin-

forbidden emission from the 2Eg excited state. The presence of the less intensive broad 

spin-allowed transition 4T2g→
4A2g is observed; however, its initial (at 80 K) intensity is 

strongly dependent on the host material composition and resulting crystal field strength. 

Increasing temperature promotes thermal population of the 4T2g state, leading to 

intensification of broadband emission (P1-P4) and progressive quenching of the 

emission from a 2Eg state. In the work P5, the increase in the intensity of broadband 

emission was not observed, most likely due to already developed 4T2g→
4A2g emission 

at 80 K and its following reduction. The relative contributions of both emission channels 

vary significantly with host composition. Materials based on Mg2+ or Zn2+ exhibit 

a stronger crystal field (stabilizing the 2Eg state) than Mn²⁺-based systems, which 

enhances the creation of a broadband emission band and promotes thermal quenching. 

The thermally induced quenching in luminescence from 2Eg and 4T2g excited states is 

not equally progressive; thus, it may be implemented as an origin of the thermometric 

model determination. Across presented works, the temperature-dependent ratio between 
2Eg→

4A2g and 4T2g→
4A2g transitions has been particularly investigated. The relative 
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intensity of these emissions depends strongly on the crystal field strength. Stronger 

fields suppress the broadband emission, whereas weaker fields enhance 4T2g emission 

and intensify thermal quenching, which is especially visible within the full-

concentration range of Cr3+ doping in publication P2. However, this trend occurs 

consistently across the presented materials, demonstrating a composition-luminescence 

relationship, particularly significant from the point of metal-ligand distances, depending 

on the implemented metal ion and Cr3+ concentration.  

 

3. Crystal-field strength determination (P1-P5) 

The crystal field strength values obtained from DRS measurements indicate that the 

Dq/B ratios range from 2.33 to 2.80 (Table 3). However, when these values are 

compared with the luminescence measurements performed at 80 K, it should be noted 

that the materials exhibit luminescence characteristic of Cr3+ ions in a strong crystal 

field. This is evidenced by the significantly higher intensity of emission from the 2Eg 

level relative to that from the 4T2g level. In the series presented in publication P1, it is 

demonstrated that an increase in chromium concentration in the analyzed material leads 

to a decrease in crystal field strength and an enhancement of emission from the 4T2g 

level. Taking this into account, it is necessary to clearly emphasize the high importance 

of the C/B parameter, which defines the line between strong and weak crystal field 

regimes. The materials presented within this dissertation are characterized by C/B values 

ranging from 4.35 to 5.58, indicating that the analysis of crystal field strength should 

not rely solely on the Dq/B ratio, but must also consider the influence of the C parameter 

on the positions of the energy levels in the Tanabe-Sugano diagram.  

 

4. Thermometric analysis of the obtained compounds (P1-P5) 

The uneven thermal quenching of emissions from 2Eg and 4T2g levels has been 

implemented for the thermometric model determination, according to the ratiometric 

approach. The performed thermometric analysis shows a significant potential of this 

method within the context of Cr3+-based materials. Within the series of double-

perovskite stoichiometry, the highest value of Sr is reported for [EA]2NaAl(HCOO)6:  

21 mol.% Cr3+ (2.84%∙K-1, 160 K, P1), however, the Ga-based analogue (P1) shows a 

comparable magnitude of Sr, max values – 2.11%∙K-1 (150 K). The results presented 

within the work P2 show that an increase in Cr3+ concentration induces the 

intensification of the relative intensity of broadband 4T2g→
4A2g emission; however, the 

clear relationship between this phenomenon and the obtained maximal relative 

sensitivities has not been observed. On the other hand, increasing concentration of Cr3+ 

ions leads to a change of the Sr, max toward higher temperature. By tuning the Cr3+ 

concentration, it is possible to modulate the optimal sensing range, which indicates the 

possibility of the system’s optimization according to specific sensing needs. The 

potential of the ratiometric approach has also been proven within the materials with 

single-perovskite stoichiometry. Within the DMA-series (P3), due to the significantly 

lower intensity of broadband 4T2g→
4A2g emission, the ratiometric model was 

determined according to emission bands assigned to 2Eg→
4A2g (R1 line and one of the 
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accompanying, less-energetic bands). The highest relative sensitivity (2.5%∙K-1, 160 K) 

is observed for the sample doped with 5 mol.% of Cr3+ ions. Other materials, differing 

in M2+ cation, show comparable values of Sr, max parameters - 2.2%∙K-1
 (150 K) and 

2.4%∙K-1 (165 K) for Mg- and Zn-based compounds, respectively. The Mg-based 

materials exhibit the highest stability of sensitive and shift of maximal Sr values within 

the concentration series toward higher temperatures, analogous to results presented in 

publication P2. The complementary results have been reported for a series of 

ethylammonium-based compounds containing Mg2+ ion (P4). The ratiometric model 

was determined with a 2Eg/
4T2g ratio, due to a sufficient intensity of spin-allowed 

transition. The obtained model shows higher relative sensitivity than DMA-derivative 

— up to 3.07%∙K-1 (130 K, 3 mol.% of Cr3+).  

 

5. The development of a multimodal thermometric approach (P4-P5) 

The notable aspect of the work P4 is the implementation of the second independent 

thermometric model based on temperature-dependent luminescence lifetime. This 

model, based on the decay kinetics of the R1 line (686.5 nm), shows comparable relative 

sensitivity, up to 2.97%∙K-1 (140 K, 1 mol.% of Cr3+). The presented approach 

demonstrates the potential of investigated materials as highly sensitive luminescent 

thermometers operating not only according to a ratiometric model, but also shows an 

alternative strategy of thermometric model determination. The development of an idea 

of dual-mode thermometry is presented in publication P5, in which the series of 

EA-based compounds containing Mn2+ ions were investigated. Performed 

multiparametric analysis reveals the importance of determining the optimal 

thermometric ranges. Within the context of the ratiometric method, three LIR 

parameters were examined. It shows that even around a set of temperature-dependent 

luminescence spectra of the given sample, the significant modulation of relative 

sensitivity of the model may be achieved, from the 0.47%∙K−1 at 150 K (ratio of most 

intensive lines of 2Eg→
4A2g transition) up to 3.91%∙K−1 (140 K) for the ratio between 

2Eg- and 4T2g-related emissions. The potential of the method based on R1 (676–691 nm) 

and a less intensive band around 747–760 nm (analogous to the approach presented in 

work P3) has been proved – the model shows a Sr, max value of 3.44%∙K−1 (140 K). To 

further investigate the multimodal nature of Cr3+-based luminescent thermometers, a 

comparison of the obtained results with the lifetime-based model has been provided. 

It shows that studied materials may exhibit notably high relative sensitivity up to 

5.14%∙K−1 (143 K, 1 mol.% of Cr3+). It clearly demonstrates that high sensitivity (and 

following thermometric characteristics) may be optimized not only by a change in 

chemical composition but also by a more aware determination of the thermometric 

model. The cumulative dataset of spectroscopic parameters is presented in Table 3. 

 

6. The influence of the organic cation on relative sensitivity (P3-P5) 

According to the obtained thermometric characteristics of the materials presented in 

a series of publications P3-P5, the initial, however important, conclusion concerning 

the effect of organic cation on luminescent characteristics, and further thermometric 
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potential, may be established. As the size of the amine cation increases (DMA+ < EA+ 

< GA+), the contribution of the spin-allowed broadband emission at 80 K increases, but 

overall thermometric performance, described mainly with Sr value, tends to decrease. 

Among cations of similar size, molecular geometry should be considered. The more 

linear structure of EA+ compared with DMA+ leads to the higher sensitivity observed in 

ethylammonium-based derivatives. Even though this deliberation is based on a limited 

group of compounds (P3-P5) and a reported series of GA-based compounds,177 it may 

have a significant influence on further investigation concerning the implementation of 

hybrid materials doped with Cr3+ ions in the role of highly sensitive luminescent 

thermometry. To fully understand this objective, more developed amine-dependent 

studies should be conducted. 

 

7. The operational potential of investigated luminescent thermometers (P1, P3) 

To better demonstrate the practical potential of investigated materials as luminescent 

thermometers for the cryogenic temperature range, the prototypic thermometric systems 

have been presented in publications P1 (steady-state measurement) and P3 (time-

resolved analysis). The results visualize the robustness and reliability of these materials 

for cryogenic thermometry, particularly in conditions where conventional thermal 

imaging devices fail. Applied Cr3+-based compounds show high sensitivity and short 

response time, which, combined with the remote nature of the measurement itself and 

the possibility of temperature redout even for the sensor covered with a frost, show an 

undeniable potential of such a sensing solution. 

 

Table 2. The comparison of structural parameters of undoped materials 

Publication Compound Space group TPT (K) 1/R5 (Å-5) 

P1 
[EA]2NaAl(HCOO)6 Pn, P21/n 369 0.0403 

[EA]2NaCr(HCOO)6 Pn, P21/n 373 0.0329 

P2 [EA]2NaGa(HCOO)6 Pn, P21/n 369h-373c 0.0333 

P3 

[DMA]Zn(HCOO)3 Cc, R3̅c 156 0.0236 

[DMA]Mg(HCOO)3 Cc, R3̅c 270 0.0250 

[DMA]Mn(HCOO)3 Cc, R3̅c 185 0.0199 

[DMA]Ni(HCOO)3 Cc, R3̅c 180 0.0248 

[DMA]Co(HCOO)3 Cc, R3̅c 165 0.0240 

P4 [EA]Mg(HCOO)3 Pna21, R3̅, Imma 
373h-316c 

426h -415c 
0.0245 

P5 [EA]Mn(HCOO)3 Pna21 - 0.0196 

Symbols: h – measured during heating; c – measured during cooling
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Table 3. The comparison of spectroscopic parameters of Cr3+-doped materials 

 

Double perovskite stoichiometry: [A]2M
IMIII(HCOO)6 

Publication A MI, MIII Cr3+ content Dq/B C/B Sr,max (T) (%∙K-1) 

P1 EA+ Na+, Al3+ 

21 mol.% 2.76 5.56 2.84 (160 K) 

30 mol.% 2.74 5.58 2.29 (160 K) 

57 mol.% 2.69 5.52 2.67 (170 K) 

78 mol.% 2.59 5.31 2.02 (160 K) 

100 mol.% 2.33 4.74 2.35 (180 K) 

P2 EA+ Na+, Ga3+ 93.1 mol.% 2.35 4.58 2.11 (150 K) 

Single perovskite stoichiometry: [A]MII(HCOO)3 

Publication A MII Cr3+ content Dq/B C/B Sr,max (T) (%∙K-1) 

P3 DMA+ 

Zn2+ 

1 mol.% 2.34 4.35 2.3 (170 K) 

3 mol.% 2.49 4.66 2.4 (165 K) 

5 mol.% 2.36 4.41 2.3 (165 K) 

Mg2+ 

1 mol.% 2.77 5.24 2.0 (170 K) 

3 mol.% 2.69 5.13 2.3 (170 K) 

5 mol.% 2.80 5.34 2.5 (160 K) 

Mn2+ 

1 mol.% 
Overlap of the Mn2+ and Cr3+ 

absorption bands 

2.2 (150 K) 

3 mol.% 2.1 (170 K) 

5 mol.% 2.1 (180 K) 

Ni2+ 

1 mol.% 
Overlap of the Ni2+ and Cr3+ 

absorption bands 
No detectable emission 3 mol.% 

5 mol.% 
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Co2+ 

1 mol.% 
Overlap of the Co2+ and Cr3+ 

absorption bands 
No detectable emission 3 mol.% 

5 mol.% 

P4 EA+ Mg2+ 

1 mol.% 2.43 4.60 2.69RM (120 K), 2.97LT (140 K) 

3 mol.% 2.45 4.59 3.07RM (130 K), 2.90LT (139 K) 

5 mol.% 2.61 5.06 2.48RM (120 K), 2.94LT (138 K) 

P5 EA+ Mn2+ 

1 mol.% 

Overlap of the Mn2+ and Cr3+ 

absorption bands 

3.34RM (120 K), 5.14LT (143 K) 

3 mol.% 

3.91RM (140 K), 4.32LT (128 K) 

Alternative RM models: 

0.47a (150 K), 3.44b (140 K) 

5 mol.% 2.78RM (120 K), 4.23LT (126 K) 

Symbols: RM – ratiometric model; LT – lifetime-based model; a – ratiometric model based on 2Eg components; b – alternative ratiometric model 

based on R1 line (see Chapter 7.5) 
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(PANIC2023) 

Oral presentation 

Wrocław, Poland 

Title: Highly sensitive luminescent thermometers based on hybrid 

formate perovskites contaning dimethylammonium cation  

Authors: A. Kabański, M. Ptak, D. Stefańska 

 

2022/09/11-14 

 

International Conference on Molecular Spectroscopy (ICMS) 

Oral presentation, best presentation award 

Szczawnica, Poland 

Title: Organic-inorganic optical thermometer based on Cr3+ 

luminescence 

Authors: A. Kabański, M. Ptak, D. Stefańska 

 

2022/09/04-09 

 

21st International Conference on Dynamical Processes in Excited 

States of Solids 

Poster presentation, best poster award 

Wrocław, Poland 

Title: The influence of the Cr3+ ions concentration on temperature-

depending luminescence of [DMA]Zn1-xCrx(HCOO)3 

Authors: A. Kabański, T.H.Q. Vu, M. Ptak, D. Stefańska 

 

2022/05/30-07/03 

 

PhoBiA Annual Nanophotonics International Conference 2022 

(PANIC 2022),  

Oral presentation 

Wrocław, Poland 

Title: The influence of temperature and  Cr3+ ions concentration on 

spectroscopic properties of [EA]2NaCrxAl1-x(HCOO)6  

Authors: A. Kabański, M. Ptak, D. Stefańska 
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Organized and participated events 

 

2025/09/16-18 

 

Preparation of the scientific lecture during Lower Silesian Science 

Festival (DFN 2025) 

Institute of Low Temperature and Structure Research of Polish Academy 

of Sciences 

 

2025/07/02-08 

 

Conduction of the scientific workshop “Niskie Łąki 2025” 

Institute of Low Temperature and Structure Research of Polish Academy 

of Sciences 

 

2024/10/22-25 

 

Member of the organizing committee of the XVII International 

Conference on Molecular Spectroscopy 

 

2024/09/03 

 

Conduction of the scientific lecture during Lower Silesian Science 

Festival (DFN 2024) 

Institute of Low Temperature and Structure Research of Polish Academy 

of Sciences 

 

2024/07/03-09 

 

Conduction of the scientific workshop “Niskie Łąki 2024” 

Institute of Low Temperature and Structure Research of Polish Academy 

of Sciences 

 

2023/10/13-15 

 

Member of the organizing committee of the 7th Conference of 

Doctoral Students of the PAS (KonDokPAN 2023) 

Institute of Low Temperature and Structure Research of Polish Academy 

of Sciences 

 

2023/07/28-08/04 

 

Conduction of the scientific workshop “Niskie Łąki 2023” 

Institute of Low Temperature and Structure Research of Polish Academy 

of Sciences 

 

2023/09/16-22 

 

Conduction of the scientific lecture during Lower Silesian Science 

Festival (DFN 2023) 

Institute of Low Temperature and Structure Research of Polish Academy 

of Sciences 

 

2022/09/4-9 

 

Member of the organizing committee of the 21st International 

Conference on Dynamical Processes in Excited States of Solids  

Institute of Low Temperature and Structure Research of Polish Academy 

of Sciences 

 

2022/06/29-07/05 

 

Conduction of the scientific workshop “Niskie Łąki 2022” 

Institute of Low Temperature and Structure Research of Polish Academy 

of Sciences 
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2022/09/16-21 

 

Conduction of the scientific lecture during Lower Silesian Science 

Festival (DFN 2022) 

Institute of Low Temperature and Structure Research of Polish Academy 

of Sciences 

 

  

 

Scholarships and awards 

2026/01/14 Scholarship from the Mieczysław Bekker Programme (National 

Agence for Academic Exchange) for the post-doc fellowship in the 

Chongqing University of Posts and Telecommunications, Chongqing, 

China  

 

2025/11/04 

 

Honorable mention in the Max Born Scholarship competition in the 

field of physical and chemical sciences, Wrocław Academic Centre 

 

2024/09/22-25 

 

Brukker Award (for the best poster) during XVII International 

Conference on Molecular Spectroscopy, Wojanów, Poland 

Financial support for participation in a subsequent conference 

 

2023/12/08 

 

Participartion in Scentific Section (Academic Radio LUZ), the finalist 

of the “Popularyzator Nauki” award in the “Media” category 

(organizer: Polish Press Agency), Warsaw, Poland 

 

2023/10/11-13 

 

Honorable mention during the Conference of Doctoral Students of 

the PAS (KonDokPAN2023), Wroclaw, Poland 

 

2023/05/18-19 

 

Honorable mention during 10th Doctoral Symposium on Chemistry, 

Łódź, Poland 

 

2022/10/07 

 

Award of the Director of the ILTSR for the Best PhD Student of the 

academic year 2021/2022, Wrocław, Poland 

 

2022/09/11-14 

 

The best presentation award during the International Conference on 

Molecular Spectroscopy, Szczawnica, Poland 

 

2022/09/4-9 

 

The best poster award during the 21st International Conference on 

Dynamical Processes in Excited States of Solids, Wrocław, Poland 
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Other significant achievements 

 

2025/10 

 

The implementation of the 3D printing techniques for the design 

and fabrication of spectroscopic equipment  

I significantly expanded the capabilities of the existing measurement 

setup by designing and fabricating, using 3D printing, an attachment 

that enables the integration of a temperature-controlled stage (Linkam 

THMS600) with an optical microscope coupled to a 

Photoluminescence Spectrometer FLS 1000 (by Edinburgh 

Instruments). Further, I subsequently developed a modular system for 

measuring samples placed in various holders, as well as prepared 

adapters allowing the use of the optical filters available in the 

laboratory. 

 

2021/10-2025/12 

 

Supervising 10 interns and thesis-students 

As part of my scientific activities, I was actively involved in working 

with interns and thesis students. I introduced them to laboratory 

practices in both chemical and spectroscopic laboratories, as well as to 

the methodology of conducting measurements and the subsequent data 

processing. 

 

 


