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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.! However, the group of
metal-organic frameworks (MOFs) are promising material for luminescent thermometry.>
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 (Cr*"), 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(IIl) ions, it is possible to obtain different spectroscopic properties
related to the Cr*" luminescence. The local environment of the chromium ions can be described
by the crystal field strength, which induces the dominant emission type of the Cr** ions: narrow
spin-forbidden *Eg—*As; or broad spin-allowed *T2e—*A, transitions. Hybrid compounds
based on Cr** 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 Cr** 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



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™! at 140 K (ratiometric method) and 5.14%-K™! 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.



2. Streszczenie

Dynamiczny rozwoj takich obszaréw jak nauka, przemyst 1 medycyna wymaga
wdrazania wysoce precyzyjnych metod monitorowania temperatury. Parametr ten jest
bezposrednio zwigzany z szerokim zakresem wtasciwosci fizycznych i chemicznych oraz ma
istotny wplyw na dynamike wielu zjawisk. Mimo ze konwencjonalne czujniki temperatury
zapewniaja wystarczajace parametry dla wigkszo$ci niewymagajacych zastosowan,
specyficzne sektory naukowe, przemystowe i biomedyczne wymagaja stosowania wysoce
czutych, bezkontaktowych oraz zdalnych systemow pomiarowych.

Konwencjonalne termometry kontaktowe opierajag si¢ na zmianach wlasciwosci
fizycznych indukowanych przez zmian¢ temperatury, np. rozszerzalnosci cieplnej
w popularnych termometrach cieczowych lub zmianie oporu elektrycznego w termistorach.
Obecnie najczeéciej stosowanym komercyjnie rozwigzaniem bezkontaktowym jest
obrazowanie termiczne. Metoda ta polega na analizie intensywno$ci promieniowania
podczerwonego emitowanego oraz odbijanego przez mierzony obiekt. Termometry
luminescencyjne z kolei wykorzystuja zalezne od temperatury wtasciwosci spektroskopowe.
Istnieja trzy standardowe podejs$cia do detekcji temperatury opartej na luminescencji: analiza
zmian czasu zycia emisji; monitorowanie przesuni¢cia okreslonego pasma; oraz pordwnanie
intensywnos$ci emisji w dwoch zakresach widma charakteryzujacych si¢ rézng zaleznoscia
intensywnos$ci w funkcji temperaturowy. Ostatnie z tych podejs¢, znane jako metoda oparta na
stosunki intensywno$ci pasm (ang. ratiometric, ratio — stosunek, proporcja), jest obecnie
najczesciej opisywanym w literaturze podej$ciem.

Chociaz opisano wiele zwiazkdéw termometrycznych, to zdecydowana wigkszo$é
materialdéw oparta jest na zwigzkach nieorganicznych, zazwyczaj domieszkowanych jonami
lantanowcow. Jednak grupa zwiazkdéw metalo-organicznych (ang. Metal-Organic Frameworks,
MOF) stanowi obiecujaca klase materiatow do zastosowan w termometrii luminescencyjne;.
Zwiazki te wykazujg rdwnoczesnie szereg interesujacych wiasciwosci, a ich charakterystyki
mozna cz¢sto modyfikowaé poprzez zmiane sktadu chemicznego. Wsrdd réznych MOF-6w,
zwigzki o stechiometrii perowskitu zawierajace taczniki mréwczanowe (HCOO),
domieszkowane jonami chromu(Ill) (Cr’"), zastuguja na szczegdlng uwage. Dzieki ich
stabilnosci oraz przystepnosci 1 powtarzalnosci syntezy, wiekszej niz w przypadku niektorych
zwigzkow halogenkowych, zwigzki te stanowig dobry wybdr w kontekscie prowadzenia badan
nad wplywem zmiany ich skladu chemicznego na wilasciwosci spektroskopowe oraz,
w rezultacie, termometryczne. W zalezno$ci od sktadu chemicznego analizowanych materiatow
- w tym rodzaju aminy, typu metalu oraz st¢zenia jonow chromu(IIl) - mozliwe jest uzyskanie
odmiennych wlaéciwosci spektroskopowych zwigzanych z luminescencja Cr’*. Lokalne
otoczenie jonow chromu mozna opisa¢ poprzez site pola krystalicznego, ktora determinuje
dominujacy typ emisji jonéw Cr**: waskopasmowg emisje spinowo zabroniong *Eg — *As lub
szerokopasmowg emisje spinowo dozwolong Tz, — *Az,. Zwigzki hybrydowe oparte na
jonach Cr’* wykazuja znaczacg zalezno§¢ wiasciwosci luminescencyjnych od temperatury,
co stato si¢ punktem wyjs$cia do zastosowania ichw obszarze termometrii luminescencyjne;.
Obserwowany wptyw sktadu chemicznego na wilasciwosci luminescencyjne przekltada sig
réwniez na zmienng charakterystyke termometryczng tych materialow.



Glownym celem niniejszej pracy bylo opisanie wplywu sktadu chemicznego serii
materiatow hybrydowych o strukturze pojedynczego oraz podwojnego perowskitu
domieszkowanych jonami Cr** na ich wlasciwosci spektroskopowe, a w konsekwencji rowniez
na ich charakterystyke termometryczng. W toku prac dokonano syntezy oraz analizy 5 grup
zwigzkoéw roznigeych si¢ sktadem chemicznym, przedstawionych w cyklu pigciu tematycznie
spojnych publikacji P1-PS. Sposrod badanych serii dwie koncentruja si¢ na materiatach
o stechiometrii podwojnego perowskitu (P1-P2), natomiast pozostate trzy dotycza materiatow
o stechiometrii pojedynczego perowskitu (P3—P5). Sumarycznie przeprowadzono analizg
38 probek. W niniejszej rozprawie opisano wilasciwosci strukturalne, fononowe
i spektroskopowe oraz ich zalezno$¢ od skladu chemicznego, dostosowywanego poprzez
zmiang¢ podstawowych blokow budulcowych zwigzkéw hybrydowych. Na podstawie wynikow
okreslono szereg zaleznosci migdzy sitg pola krystalicznego, rodzajem jondw metali i kationow
organicznych, oraz stezenia jonéw domieszki na wlasciwosci luminescencyjne
1 termometryczne. Przeprowadzone analizy termometryczne wykazaly mozliwo$¢ uzyskania
wysokiej czulosci wzglednej — do 3.91%K! w 140 K (metoda oparta na stosunku
intensywnos$ci pasm emisyjnych) oraz 5.14% K w 143 K (metoda oparta na kinetyce zaniku
luminescencji). Poprzez wieloparametryczng analiz¢ uzyskano poréwnanie mozliwych strategii
termometrycznych, co umozliwia dalszag optymalizacje procesu wyznaczania modelu
termometrycznego. Zaproponowane prototypowe uklady termometryczne pracujace
w warunkach statycznych oraz przy zmiennej temperaturze obrazuja wysoki potencjat
badanych materiatow jako czujnikow temperatury w zakresie kriogenicznym.



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 Cr** ion concentration in determining their structural, spectroscopic, and
thermometric properties. An additional aim is to verify the commonly accepted models
underlying Cr**-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 Cr*>* ions. Among the studied materials, two main
groups can be distinguished:

o materials with a single perovskite stoichiometry: [A]M(HCOO);: xCr**, where
A represents a protonated amine (EA*, DMA™), M! is a divalent metal cation (Zn*",
Mg?*, Mn**, Co?*, Ni**), and x is a chromium(III) content (up to 5 mol.%),

o materials with a double perovskite stoichiometry: [A]:M'M"(HCOO)s: xCr**, where
A is a protonated amine (EA™), M! and M"! stand for mono- (Na") and trivalent (AI*",
Ga*") 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),
analysis of the relationship between the chemical composition, the corresponding
crystal field strength, and the resulting emission assigned to *Eg—*Azg and *T2g—*As
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 Cr*" ions. For this purpose, the following
aspects were considered:



o comparative analysis of thermometric performance of studied compounds,
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 Cr**
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.



4. The list of abbreviations

ATR
CCDC
CF
CFT
DMA
DRS
DSC
EA
EDS
EPR
FWHM
GA
HTP
IR
LHP
LIR
LT
MOFs
MRP
PT

PL
pXRD
RM
RT
scXRD
SHG
TEA
™
XRD
Tavg

Tfit

Attenuated Total Reflectance
Cambridge Crystallographic Data Centre
Crystal Field

Crystal Field Theory
Dimethylamine
Diffuse-Reflectance Spectroscopy
Differential Scanning Calorimetry
Ethylamine

Energy-Dispersive X-ray Spectroscopy
Electronic Paramagnetic Resonance
Full With at Half Maximum
Guanidinium

High-Temperature Phase

Infrared

Low-Temperature Phase
Luminescence Intensity Ratio
Lifetime

Metal-Organic Frameworks
Multiphonon Relaxation

Phase Transition
Photoluminescence

Powder X-Ray Diftraction
Ratiometric Method

Room Temperature

Single-Crystal X-Ray Diffraction
Second-Harmonic Generation
Triethylamine

Transition Metal

X-ray Diffraction

Average Luminescence Lifetime
Fitted Average Luminescence Lifetime



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.*¢

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.”® 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.®!!
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 m-conjugation, making them promising for
energy storage, photocatalysis, and optoelectronics.!>!> 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.'®!” 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.'®2°

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.?! 3
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.>*" 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.?32830



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*, Ca®") occupying
a cuboctahedral cavity formed by the MXe octahedra, where M is metal ion (e.g. Pb**, Ti*") and
X is an ionic linker (e.g. 0%, CI"). Although the proper perovskite - CaTiO3, at room temperature
(RT) adopts Pm3m space group (cubic O, symmetry), the compositional diversity leads to the
variety of actual structural characteristics of compounds meeting the perovskite
stoichiometry.?'33 Exemplary, the strontium titanate, SrTiO;, adopts the tetragonal /4/mcm
space group (RT), while rhombohedrally distorted LaAlOs at RT shows R3c space group.>*

Hybrid compounds with a perovskite stoichiometry can also be described by a general
formula [A]M"¥X,a1+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]M"Xj3, has gained particular attention. Exemplary, [MA]Pbl; and
[FA]SnI; have been proposed as effective materials for photovoltaics.>>*® However, this group
of materials may also exhibit interesting magnetic and electronic characteristics.’”-® Hybrid
perovskites can also form compounds with a more developed double architecture, with a general
formula [A-M'M"Xs, where M! and M™ stand for mono- (e.g. Na*, K") and trivalent metal
ions (e.g. Fe**, Cr*"), 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.* !
Single perovskite Double perovskite
[AIMIIX, [A],M'M"'Xg

- )
N/
Y

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

9



their geometric characteristics, which can be described by the so-called Goldschmidt tolerance
factor.*** For the inorganic compounds following AMX; stoichiometry, it can be calculated
according to:

T+ 1y

TF=—2"%
V2(ry +1%)

(1
where 7 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.*? In organic-inorganic perovskite-
like materials, with general formula [A]M"X3 (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:

rA,eff + Ty

TF = ————,
\/E(T'MII + %)

()
where raefr 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.*>*

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]:M'M" X6, 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 rmavg. Then, the TF formula is:

rA,eff + Ty
JVZ (T'MI +2TM111 n TX) !

TF = (3)

where ionic radii of M! and M cations are taken into consideration.*’

The  perovskite-like  hybrid compounds may create the developed
three-dimensional framework, built with the metal cations creating MXe 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.***
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.>%!
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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.’?>® 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 Pb*", Sn**,
and Cd*". However, compounds based on metals such as Mn?*, Ni**, Co**, or Fe?* are gaining
increasing attention.>*%* 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 MXs
octahedra are modified, and as a result, larger organic cations can be fitted inside the
framework’s voids (Figure 2).°' Among the most frequently implemented anions are halides
(CI, Br, I), as well as cyanides (CN"), thiocyanates (SCO"), and azides (N3°). However, special
attention should also be given to formate (HCOQO"), hypophosphite (H2PO>"), and dicyanamide
anions (N(CN)y"), forming frameworks with larger cavities, in which larger organic cations with
more degree of freedom can be allocated.®>%

X=HCOO-

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.®*% 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 wusing mixed compositions
(e.g., simultaneous implementation of two X-site linkers), which allows for obtaining new,
desirable properties.>¢-: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.%®"!
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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.”””® 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.,’* the investigation of [DMA]Cu(HCOO)s
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]MnixFex3(HCOO)s,
where 0 < x < 0.88, reported by Bulled et al.”> 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.,’® describe a series of [MA]MgsCryAls-
«(HCOO)s, where M = Na, K; x = 0, 0.025, 0.5. Due to the presence of the Cr*" 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 Fe** ions.”””® The possibility of incorporating trivalent ions,
including the Cr*" 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.”®
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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.”®® 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.?!%2

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.®> 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.’*34

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.

Excitation Emitted Non-radiative
At transition
beam radiation . \ -
W i Excited states
E, ]
>
0
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w sas
transition
Eq Vs N Ground state
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4 Absorption Emission
material
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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.®® 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.?*® 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.®’*® One of the most notable examples is the use of synthetic ruby (A,O3: Cr’*) in
high-pressure studies within diamond anvil cells.®* 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,”!*?

the presence of certain chemical molecules
in the food industry,”® or to analyze a wide range of environmental parameters, such as
humidity®*”® or pH.”’”® 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(IIl) 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 Cr’* ions is their sensitivity to the local crystal environment.
Chromium(III) ions possess a 3d° electronic configuration, meaning that their 3d electrons are
not shielded, as is the case for 4f electrons in lanthanide ions.®** Changes in the local
environment of Cr** 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.®***1% It includes not only the change in some qualities of
an emission spectrum, but also in luminescence decay kinetics. As a result, compounds
containing Cr*>* 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 Cr**
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.®>!°! The schematic representation of this process,
for the particularly representative O, symmetry, is presented in Figure 4.

Freeion Sphere Octahedron
0, symmetlry

—— - - - -l

10Dg = A,

Energy

Figure 4. The simplified diagram showing a d-orbital splitting in transition metal ions in
the O, symmetry (octahedral coordination)

In the form of the free ion Cr’”, all five d-orbitals (dyy, dxz, dy=, d 2, d,z_,2) 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 1s 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 Cr’" ion is coordinated by six ligands in an octahedral
geometry (O, symmetry), the degeneracy is not maintained due to the directional nature of the
ligand field. The five d-orbitals split into two energy levels:

o g (dyy, dv;, dy:) — lower energy
* ¢y (d,22 d,z) — higher energy

The energy separation between tz; and ey is known as the crystal field splitting
parameter, marked as A or 10Dgq. 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 Cr**-based materials.33!%!
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The luminescent properties of chromium(III) ions arise from its electronic configuration

- Cr’*: [Ar]3d°. 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).3*1% Exemplary, the following states can be described:

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

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

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:

25+1L, (4)

where L is typically marked with letter symbol {S, P, D, F, G, ...} for L= {0, 1, 2, 3, 4, ...},
respectively.!>!% Thus, the low-energy term of Cr** is *F (ground state), while one of the
excited states, described above, is >G. Within the context of Cr** 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 — “F, *P, 2P,
"Dy, 2D(2), °F, %G, and ?H.!°! Among the mentioned terms, two of them — *F (lowest-energy)
and *G (higher-energy), directly translate into the observed luminescent characteristics, thus
further considerations are mainly devoted to these particular terms.

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

e “Aj; —the ground state,
e “Tig — higher energy excited level,
e 4Ty — lower energy excited level.

While the higher energy ?G term splits into the 2Eg excited state. Under the excitation
wavelength, the electron may be excited from the *A», ground state to higher-energy levels.
Due to the efficient non-radiative transition from the Ty, level to a nearby *Tag, the photon
emission from higher-energetic “T1, is not observed. Thus, the radiative relaxation may occur
from the “T; and °E, levels. The radiative processes: spin-forbidden Es—*As, and spin-
allowed *T2,—*As, exhibit different luminescent characteristics. The transition from the *E,
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 R; line — is
localized around 680-720 nm. Additionally, several additional lines can be observed, such as
the R» line (higher-energy, weaker companion line'®) and N-lines (lower-energy, from
exchange-coupled Cr**-Cr*" pairs'®). The spin-allowed *T2,—*Aj, 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—*Ay, transitions, decay times are typically on the order of hundreds of
microseconds to several milliseconds, whereas for the #T,;—*A,, transitions, they are
approximately an order of magnitude shorter.!96:197
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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 Cr*" ions.
A particularly important parameter in this context is the so-called crystal field strength (CF
strength, Dg/B), expressed as the formula:

Dq

CF strength = 5 Q)

where Dg describes the splitting between the e; and tog 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 T2, and °E,
levels to the ground *A, level. Based on experimental data, it is then possible to determine the
Dgq/B parameter using the following equations:

E4— _)4
Dq :%‘ (6)
e E4A2g—> 4Tlg — E4A2g—’ 4T2g (7)
Dq ’
%: 15(x — 8) ®)

B (x2-10x)’

where E is an energy of the given transition.!?®!1% If it is not possible to determine the energies
of transitions with sufficient accuracy, the Dg parameter can be estimated based on the metal—
ligand distance; taking into account the octahedral geometry, according to the following

expression;! 11!

Dg~— )

where R is a metal-ligand distance. Such an approach may be a useful tool for materials, in
which the absorption bands of Cr** ions overlap with those of other elements present in the
studied compound (e.g., the pair of Cr** and Mn?").!%6.111

The value of the crystal field strength (Dg/B) directly aftects the observed luminescent
characteristics of materials containing Cr** 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 *E; and
Ty levels energies on the Dg/B parameter. These levels exhibit different sensitivities to
changes in the crystal field strength: the °E, level remains nearly constant over a wide range of
crystal field strengths, while the energy of the *T», level increases significantly with an
increasing Dgq/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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BZ
C = 0.328E "pyg— 2By 2.59B + 0.58D—q. (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 (Dg). Usually, the C/B ratio is implemented.!'>!!* The
change in (/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 Dg/B and
C/B relations. As a result, increasing C/B causes the doublet levels (e.g., 2Eq, *T1g, 2A2g) to shift
upward, while the quartet levels (e.g., *T2g, *T1g) 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.53!1?
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Figure 5. The Tunabe-Sugano diagrams for d* electron configuration (O, symmetry) for various
C/B values, simulated with TanabeSugano: Python-based Eigensolver for Tanabe-Sugano
Diagrams, by Anselm Hahn, 2024, DOI: 10.5281/zen0do.206847682,
URL: https://github.com/Anselmoo/TanabeSugano

Within the context of Cr**-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 *Eg and
4Ty levels determines the lowest excited energy level, which in turn defines the dominant type
of Cr>* 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 (Dg/B < 2.1) and strong (Dg/B >
2.1) crystal fields. In a weak crystal field, the lowest excited level is the *To level, resulting in
the dominance of the “T2,—*A2; emission. Increase in Dg/B over threshold value changes the
lowest excited level for ?E,, leading to an enhancement of the 2Eg—*Ao, transition. Materials
with Dg/B close to the threshold value can be classified as having an intermediate crystal field,
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where  emissions  from  both  “Tp;, and 2E, levels are observed.’»!!
The influence of crystal field strength on the radiative relaxation processes in compounds
containing Cr*" ions is illustrated in Figure 6.

Weak crystal field Intermediate crystal field Strong crystal field

T 'A;
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Figure 6. The schematic configurational coordinate diagrams for Cr** ions (octahedral
coordination) affected by various crystal fields, with the following luminescence spectra
(simplified)

The concentration of Cr** 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 Cr**-Cr’* 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 *T» excited level. Due to the significant similarity of the emission from T2, state and
the Cr**-Cr*" 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 *T2g—*Ax, transition in the isolated Cr** ion.'!>-117
Moreover, an increase in the concentration of Cr>* ions may lead to a weakening of the crystal
field strength and, consequently, an increased contribution of emission from the T2 level >!!8

5.3.1 Temperature-dependent luminescence of Cr3* ions

The spectroscopic properties of Cr** 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 — *E, or “T»g, depending on the crystal field
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strength — to the *A,, 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

(a) (b)

4 As

Figure 7. Schematic illustration of the thermal quenching mechanisms: (a) thermal crossover,
where (1) is an excitation from the “As, ground state do *Ti level, (2) is a series of non-radiative
relaxation to the lowest excited level — such as “Eg 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 *T and *Ase levels, (5) is a non-radiative
relaxation to the ground state, and AE 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 AEwmpr is a difference is
energies between depopulating level and lower state

The excited levels in Cr’" 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 °E level
to the vibronically coupled *To state, from which non-radiative relaxation to the *As, ground
quenches the luminescence (Figure 7a). The process of thermal quenching shows an Arrhenius-
type behavior with an activation energy AE, defined as the energy difference between the

equilibrium position of the excited state and the parabola's intersection point (AEy in Figure
Ta).114:119.120

20



The energy activation of thermal quenching can be estimated with the following formula:
Iy

—AE,\’
1 +Aexp( T )

I(T) = @8))

where I(T) is an intensity of the emission at temperature T, I is an initial temperature of the
quenching process, A stands for preexponential coefficient, AE is energy activation of thermal
quenching, and k is Boltzmann constant. The determination of the AEq parameter is performed

with the analysis of the slope of the linear regression of the In[lo/I(T)-1)] as a function of
1/KT. 121122

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™) and the energy of a single phonon (hundreds of cm™), this process involves
the simultaneous emission of multiple phonons. The rate of the multiphonon relaxation may be
described with the formula:

AEMPR)]

” (12)

WMPR = WO eXp [_a(

where Wy is the pre-exponential factor related to the electron-phonon coupling strength, o is
a parameter assigned to the particular host lattice, AEmpr is an energy gap between the emitting
level and the lower state in the process of MPR, and %o is an average phonon energy. This
relation implies that nonradiative relaxation related to a multiphonon process becomes
negligible when AE is much larger than a few times the phonon energy, but becomes dominant
when AE is small (e.g., < 5 times of z®).5>!23124 The 4T, level is strongly vibronically coupled,
making it particularly sensitive to MPR. In contrast, the E, 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 “T», 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/t) can be described with the formula:

1
—— =W, + W,,.(T), 13
T (T) r nr( ) ( )
where W: is a radiative relaxation rate (independent of weakly related to temperature) and
Wi(T) stands for a nonradiative relaxation rate, strongly dependent on temperature. An increase
in temperature significantly intensifies the nonradiative relaxation rate (War), thus luminescence
lifetime (1) 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 Dg/B values),
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exhibit larger energies of thermal quenching (AEy), leading to the suppression of thermally-
driven crossover.'?>!?® Similarly, materials with low phonon energies, such as fluorides (o ~
400 cm™), reduce the probability of multiphonon relaxation. On the other hand, materials
showing higher phonon energies, like some oxides (Am = 800 cm™) or boranes (Am = 1400 cm™
1), exhibit more effective nonradiative processes.'?”!?® 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™.12%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™') or in-plane bending vibration of
CH bonds (~1340-1380 cm™!). These modes are usually visible up to ~3500 cm™.13%134 The
implementation of more complex linkers (e.g., HCOO", H,PO;") induces the additional
possibility of internal transitions. Exemplary, for formates (HCOQ"), the vibrations assigned to
the OCO part of the linker, e.g., bending (~800 cm™) or stretching (up to ~1600 cm™') may be
observed.!3*13! The stretching of the C-H bond in formate ion can be observed up to
2870 cm™.13413° 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.!3%!%7

The sensitivity of Cr** 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), Cr’*-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 Cr’* 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.!'*® 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.!*® 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 17" century can thus be distinguished as a turning

point in the history of thermometry.!3%14°

In the second half of the 17" 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."*®!""! The advancement of thermometric methods, both in theoretical,
phenomenological, and technical terms, proceeded in parallel with the scientific progress of the
18™ and 19™ 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.!*®!*? 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, 1% 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.’*1!

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 20" 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.”"!*! 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.”’

Regardless of the method enabling continuous and reversible temperature analysis, all
thermometric technologies consist of two fundamental components:

e sensing medium, which responds in a well-defined manner to temperature changes,
e 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,®>!431%* which can manifest as:

e changes in emission intensity - both in spectral regions and the overall spectrum,
e alterations in luminescence decay kinetics,

e spectral shifts of emission bands,

e 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.
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Figure 8. The schematic representation of the methods of luminescence thermometry

24



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 ?%14%14°

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 Cr’*-doped
compounds!*® (transitions from thermally coupled 2E, and “T», levels), as well as originating
from two luminescent centres, such as in the case of the combination of Cr*" and Yb*" ions'%’.
Nevertheless, it is also possible to utilize spectral components originating from the same
transition, e.g., the R; and N lines, which arise from the *Eg—*As, transition in Cr**
ions. 96111148 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,8%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 Ig. 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=2 (14)
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where Ia and I stand for integral intensities of A and B thermometric ranges, respectively.

By performing a series of measurements under controlled temperature conditions,
a dataset of {LIRti, LIRT2, ..., LIRTs} is obtained as a function of temperature from T to Th,
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 (S, K!), defined as the change in the thermometric parameter (LIR) per unit change
in temperature, is expressed by the formula:

ALIR (15)
¢ AT
where ALIR is a change in luminescence intensity ratio and AT stands for the change in
temperature. Relative sensitivity (Sr, %-K!), 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:

S, =——"".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:
1 ALIR

= 5 "TIR (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 (Su, 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 equation'*’:

(S, = Sy )N(ALIR > SLIR), (18)

where Su 1s the sensitivity threshold, ALIR is an increment in LIR value, and 6LIR is an error
in the determination of LIR. All the variables are determined at a given temperature. The S
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, 3214149150

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.'*!"!>? 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. 46151153

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 (tavg) using the equation:

_ [I(Htdt

Tavg = W: (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 {Tavg, T1, Tave, T2, ..., Tavg, Tn} fOr
temperatures from T; to Ty, 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:

ATgpg
S = Ea— 20
where Atavg 1S a change in luminescence intensity ratio and AT stands for the change in
temperature. The relative sensitivity, in turn, is described by the equation:
1

Aravg
S, = ——=-100%, 21
T Tag AT % @h

where Tavg 1s the current average luminescence lifetime, Atave stands for a change in
luminescence intensity ratio, and AT is the temperature change.

5.4.3 Luminescent thermometers containing Cr** 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 Cr*" ions is their broad and intense absorption band, typically around 400-450 nm
associated with a *A;—*T), transition, which enables efficient excitation using widely
available light sources, such as laser diodes to LEDs.!**!% Upon excitation, Cr*" 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 Cr**-based compounds
a significantly broad field, offering various spectroscopic qualities meeting thermometric
requirements. Another important characteristic of Cr’" luminescence is its relatively long
lifetime, typically ranging from hundreds of pus to a few ms, depending on the host matrix. This

allows the use of lifetime-based thermometric methods. 46157

The potential of Cr**-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: MgA1L,Os: Cr’*,
operating within the physiological temperature range with high relative sensitivity (up to
3.5% K at 300 K)'*%; Ba; 3Ga20193: Cr** for a wide operating range 173-573 K (S over 1%-K
H159: and a/B-Ga,03: Cr**, showing significant influence of the structure characteristics on
observed sensitivity!®’. The potential of Cr**-doped compound for ultra-sensitive ratiometric
thermometry has been presented with the Li; 97Zn1.03Ge3O0s: 0.08% Cr’* — up to. 13.09% K

(50 K) with 50-300 K sensing range.'¢!

Furthermore, Cr** can efficiently interact with other luminescent centres through energy
transfer mechanisms, expanding its functionality in multimodal thermometers. Chromium(I1I)-
based materials co-doped with rare-earth or transition metal ions have been proposed as sensing
systems, in which the energy transfer between Cr** 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.'>'%> Among
many reported Cr’*-co-doped materials exhibiting valuable thermometric characteristics, to
show a diversity of possible thermometric characteristics, the given compounds can be marked:
LaGaOs: Cr**, Nd**, in which the Cr**—Nd** is well observed and dual-mode sensing may be
achieved (S up to 1.9%-K! at 300 K with 300-625 K range)'®®; ZnAl,04: Cr**, Mn**, showing
the efficient Mn**—Cr*" energy transfer, enhancing Cr*" luminescence and improving sensing
capabilities (up to 3.7% K at 80 K)'*; Ga,Os: Cr'*, Ni**, exhibiting an increase in the

luminescence intensity by 2.4 times compared to the material doped solely with Ni*" ions'®8,

The use of Cr** 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(IIl) 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]MosCrxAlo.sx(HCOO)3,
M = Na, K, and x = 0,0.025, 0.5, as well as a comparison of [C3N2Hs]Nao sCro.s(HCOO)3 and
[C3N2Hs5]Nag 5Alp 475Cr0.025(HCOO); perovskites.!*!70 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(IIl)-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 Cr** 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 Cr** ions,
containing solely Cr** ions, and in combination with co-dopants, is presented in Table 1.

Table 1. The collation of exemplary luminescent thermometers containing Cr** ions with
their highest relative sensitivity (S, max) at working temperature (Ts;, max), With sensing range
(if provided). By default, the presented results are determined with the ratiometric method
(LIR), unless stated otherwise.

Sr, max Sensing

Compound (%K) Tsr, max (K) range (K) Reference
MgALO4: Cr* 3.5 300 300-540 158
Ba;3Gai20193: Crt 6.78 113 173-573 159

a-Gay0s: Cr*t 1.05 300

B-Ga,Os: Cr* 0.64 300 200-450 160
Lii97Zn1.03Ge30s: Cr** 13.09 50 50-300 16l
LaGaOs: Cr’*, Nd** 1.9 300 300-625 166
ZnALO4: Cr¥*, Mn?* 3.7 80 80-310 167
Ga0;: Cr’*, Ni%* 5.26 293 - 168
CaHfO;: Cr’* 2 40 40-150 171
LaSr2Gai1020: Cr** 2.6 190 190-460 172
InTaO4: Cr'* 22':5207((141},11,{)) gj; 240-420 173
La,MgTiOs: V4, Cr** 1.96 165 80-250 174
MgTiOs: Cr*", Nd* @SiO, 1.18 343 303-343 175
Mg AlsSisOqs: Ce*', Cr** 0.51 525 - 155
SrMgAl»036: Cr* 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: Kabanski A*, Ptak M., and Stefanska D.* (2023). Metal-Organic Framework
Optical Thermometer Based on Cr’* 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.*, Kabanski A., Dziuk B., Balciunas S., Usevicius G., Zer¢ba J., Banys J.,
Simenas M.*, Sieradzki A., Stefanska D. (2024) Mechanism of isosymmetric polar
order—disorder phase transition in pyroelectric [CH;CH>NH3]>NaGa(HCOQO)s double
perovskite, Journal of Materials Chemistry C 12(13), 4663-4675 DOI:
10.1039/D3TC04529C
https://pubs.rsc.org/en/content/articlelanding/2024/tc/d3tc04529¢

P3: Kabanski A.*, Ptak M, Carlos L.D., Stefanska D.* (2025). Real-Time Temperature
Monitoring with Cr’*-Based Hybrid Formate Perovskites: Insights into the Relation
Between Chemical Composition and Thermometric Performance, Advanced Optical
Materials 13, 01057 DOI:10.1002/adom.202501057
https://advanced.onlinelibrary.wiley.com/doi/10.1002/adom.202501057

P4: Kabanski A.*, Caputa K., Stefanska D.* (2025) High-sensitivity optical
thermometry with Cr’*-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/d5dt01748¢

PS: Kabanski A.*, Caputa K., Stefanska D.* (2025) Multimodal temperature sensing
in hybrid perovskites doped with Cr’*: 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.
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6.1 Synthesis

Within the dissertation, two synthesis methods were employed to obtain hybrid
materials containing various concentrations of Cr** ions: the microwave-assisted hydrothermal
method (P1, P2) and the slow-diffusion method (P3, P4, PS). 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.

Synthesis methods

Hydrothermal Slow-diffusion
P1: [EA],NaAL,Cr, (HCOO), P3:[DMA]M'(HCOO)g: xCr®*
x=0,0.21,0.30,0.57,0.78, 1 M''=Zn?', Mn?*, Mg?*, Ni%*, Co?*

x=0,0.01,0.03, 0.05

P2: [EA],NaGa,Cr, (HCOO), P4:[EA]Mg(HCOO0),: xCr®*
x=0,0.931 x=0,0.01, 0.03, 0.05

P5:[EA]JMn(HCOO),: xCr®*
x=0,0.01,0.03,0.05

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:

e 4 mmol of trivalent metal precursor (e.g. Ga(NO3);nH20) or the mixture of
a M compound and CrCl3-6H,O (for doped samples)

e 4 mmol (0.3262 g) of ethylamine hydrochloride (EA-HCI),

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

e 25 mL of N-ethylformamide (HCONHC:Hs),

e 5 mL of 98% formic acid (HCOOH),

e 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.

N-ethyloformamide
Mll-precursor/CrCl, _l
HCOONa 1
EA-HCI
HCOOH ; : . , o
2 - -

Microwave reactor Crystallization
16 h, 140°C 24-48 h

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-HCI) 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., MnCl) in 5 mL of MeOH.
For Cr**-doped compounds, a stoichiometric amount of CrCl; 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.

MeOH

M'CL,/CrCl4-6H,0 BT
Crystalization
7-14 days

l ) l.; \ |
MeOH Separation
HCOOH (B — Puri‘ﬁcation
Amine 1 Drying

_—

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 26 = 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 CuKa radiation (A = 1.54056 A).

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
MoKa radiation (A = 0.71073 A). 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™! resolution, range 3600-21 cm™). As an excitation source, the 1064 nm
YAG: Nd*" laser was used. Alternatively, for the work P2, the Bruker FT-Raman RFS 100/S
spectrometer (range: 3600-80 cm™ ') with a 1064 nm excitation line (YAG: Nd**) 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’!, 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 uW resolution) with a nitrogen flow as a purging medium. The rates of heating and cooling
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were 5 K-min!. 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-PS. For this method, the Varian Cary SE UV/VIS-NIR spectrophotometer with
a 0.5 nm step was implemented. The measurements were performed within a 200-2500 nm
range with an AlbO; 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.

Detector }—vl Software J—»l Luminescence analysisl

Liquid nitrogen | 405 nm laser diode
reservoir

Illuminated
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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 pnF2) 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.

Emission
monochromator
Detector
Optic fibers
Emission
e
Excitation R : Liquid nitrogen
source : H reservoir
......................
Excitation
Double-sided

mirror

Temperature
control unit

Excitation Optic fibers input
monochromator and output

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: Nd*>* 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 Cr** Ion
Luminescence

Adam Kabanski“,* Maciej Ptak?, Dagmara Stefanska®*

“Institute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422
Wroctaw, Poland

The publication P1 is the first work in a series of scientific reports concerning the
potential of hybrid organic-inorganic materials doped with Cr’* ions as highly sensitive
luminescent thermometers. This publication describes an analysis of the [EA].NaAl;.
xCrx(HCOO)s 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 Cr*" 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 Cr’* 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 Cr’* ion concentration on the spectroscopic characteristics. Raman measurements
revealed that increasing the Cr** content leads to a decrease in the intensity of bands at 227,
290, 308, 630, 936, 1352, and 1682 cm’!, while new bands appear at 245, 1340, 1383, and 1672
cm’!. Some of these bands exhibit significant changes in their relative intensity. These variations
are associated with differences in the phonon properties of Cr’*/AI**-O bonds and with local
structural distortions arising from mixed CrOe¢/AlOg¢ octahedra. In particular, a pronounced
spectral change was observed around 1352 cm™ (Figure 14a). The variation in the relative
intensity of selected Raman peaks can be used to estimate the Cr’* 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™!, and (b)
dependence of the band intensity at 1352 cm™ on the Cr*" ion concentration, including the
corresponding linear fit.

The DRS measurements showed that the studied material series exhibits characteristic
absorption bands associated with Cr*>* ions (Figure 15a). The calculated Dg/B parameters
indicate a non-linear variation in the crystal field strength as a function of Cr** 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 Cr** content. These
results are consistent with the observed luminescence characteristics of the materials.
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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 2Eq—*A,
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 “T2,—*Ay, transition intensifies (Figure 16b), reaching its maximum around
220 K. This behaviour is attributed to a thermally induced energy transfer from the lower Eg
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state to the higher *Togstate. Increasing the Cr** concentration enhances the relative contribution
of the broadband emission compared to the narrow, spin-forbidden *Es—*Ay, 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—*Aj, and
4T2e—*A, were established. The obtained luminescence intensity ratio (LIR) values are shown
in Figure 16¢c. To provide a more detailed description of the thermometric performance, both
absolute sensitivity (Sa) and relative sensitivity S; were determined (Figures 16d-e).
The maximum S; value of 2.84%-K™! was achieved for the sample containing 21 mol.% of Cr**
ions at 160 K. With increasing Cr’" 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 Cr** concentration significantly
extends the potential of the thermometric system.
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Figure 16. (a) Temperature-dependent emission spectra and (b) emission intensity map
recorded for [EA]2NaAlixCrx(HCOO)s; (c) thermometric parameter (FIR); (d) absolute
sensitivity (Sa); (e) relative sensitivity (S;); and (f) combined influence of Cr** concentration
and temperature on S;

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]:NaAlxCrx(HCOO)s 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.
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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 [CH3CH:NH3]:2NaGa(HCOO)s double perovskite

Maciej Ptak®,* Adam Kabanski?, Btazej Dziuk”, Sergejus Balciunas®, Gediminas Usevicius®,
Jan K. Zareba®, Juras Banys‘, Mantas Simenas®, Adam Sieradzk?, Dagmara Stefanska“

“Institute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422
Wroctaw, Poland

“Institute of Advanced Materials, Wroctaw University of Science and Technology, 50-370
Wroctaw, Poland

“Faculty of Physics, Vilnius University, LT-10257 Vilnius, Lithuania

Department of Experimental Physics, Wroctaw University of Science and Technology, 50-370
Wroctaw, Poland

The publication P2 is a continuation of the studies concerning the characteristics of
hybrid double perovskites doped with Cr** 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]>NaGa;xCrx(HCOO)s, 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 [MHyM(HCOO); (M" = Fe**, Mg?*, Mn**, and Zn*").

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 (Aexc = 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.
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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 Cr’**-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 2E;—*A,, transition. However, the presence of the
less-intensive broadband emission (720-900 nm), assigned to the *T2g—*Asg, is observed.
It indicates a medium-to-strong crystal field (Figure 19a). This prediction is confirmed by DRS
analysis, which provided a Dg/B value equal to 2.35. As the temperature increases, the intensity
of the emission from the spin-forbidden 2E, transition significantly decreases, while the
intensity of the broadband emission *T,s—*As, initially increases (Figure 19a—c). The
maximum intensity of the broadband emission is observed at approximately 190 K (Figure
19¢). This phenomenon can be described as a thermally induced energy transfer from the lower
?Eg level to the higher *Tog level. Above 190 K, a regular thermal quenching process occurs due
to non-radiative crossover between the “T», excited state and the *Ag ground state. This process
is illustrated schematically by the energy level diagram of chromium(III) ions (Figure 19d).
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Figure 19. (a) Temperature-dependent emission spectra of [EA]2NaGag.069Cro.931(HCOO)gs,
(b) thermal evolution of the luminescence, (c) integrated emission intensity of the spin-
forbidden *Eg—*As, and spin-allowed *T2g—*As, 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 at
150 K, which is comparable to other Cr’*-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 Cr’*-Based Hybrid Formate
Perovskites: Insights into the Relation Between Chemical Composition and
Thermometric Performance

Adam Kabanski“,* Maciej Ptak?, Luis Dias Carlos’, Dagmara Stefanska®"

“Institute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422
Wroctaw, Poland

®Phantom-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 Cr’* 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
[DMAIMI(HCOO)3: xCr**, where M"'= Zn** Mn**, Mg**, Ni**, Co**, and x = 0, 1, 3, and
5 mol.% of Cr**, with respect to the M" 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 [DMAIM"(HCOO)3; compounds shows the trigonal space group R3¢, 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 M 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 R3¢ symmetry. The limitation of the
possible Cr**-doping is most likely linked to the charge mismatch occurring under an increase
in the Cr**/M?" 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 M! cations, perovskite
cavity size and hydrogen-bond strength. Among the concentration series, the aliovalent doping
with Cr** ions up to 5 mol.% did not significantly affect the obtained spectra. Only shift and
broadening (up to 1-2 cm™) 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 M" but also in the chromium doping level. The conducted DRS measurements
revealed the significant influence of the M cation on the recorded spectra. For the materials
containing Zn** and Mg?* ions, the DRS spectra of the Cr’’-related region show three
characteristic bands associated with the main transitions in chromium(IIl) ions: *As—’E,
(~14550 cm™), *Aze—*A1g (~17200 cm™), and *Asg—*Ass (~24000 cm™). The change in the
Cr** ion concentration does not significantly affect the position of the mentioned bands. Within
the Mn?", Ni**, and Co?'-series, the presence of both types of excitation bands — assigned to
originating from given M>" and Cr’* ions — was observed. Exemplary, for the Mn?"-based
materials, the presence of transitions from ®A; to “E, *T2, *A1, “E, and *T; energetic levels was
recorded (Figure 20).
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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 Dg/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 Dg/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 Dg/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 Mn?**, Co?*, and Ni** with the
absorption bands of Cr**, to estimate the general influence of M!! cation type on CF strength,
the metal-ligand distance was analyzed. Due to the lack of photoluminescence of Ni** and Co?*
derivatives, this analysis was limited to other materials. For the Mg?" sample, the initial (without
Cr** doping) crystal field is 0.0250, and for Zn**-based compounds — 0.0236. The lowest value
of CF is, in turn, observed for Mn?" (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 Mg?*-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 Cr’*-doped materials. What is more, due to the overlapping
of the absorption bands assigned within the Mn-based series, the determination of the Dg/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.

[DMAIM(HCOO),

Metaltype(M) Mn?
M-Obondlength 2.188A

Crystal field strength 0.0199

© - Oxygen atom

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 Cr’* ions. Materials containing Co?" and Ni**
ions, in turn, did not show detectable luminescence due to efficient non-radiative energy transfer
from excited Cr’* ions to Co*" and Ni*" levels. The luminescent measurements were performed
under 405 nm excitation, corresponding to the *A;;—*Aj, transition. At 80 K,
[DMA]Zn(HCOO); series of doped compounds shows several narrow emission lines typical of
low-temperature Cr’* luminescence. The most intense, called the R; 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 Cr’" 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 Cr’" 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 R line and accompanying less-
energetic bands.

As presented in publications P1-P2, the temperature has a crucial influence on the
luminescent characteristics of Cr’* ions. Within the series described in work P3, the increase in
temperature induces a reduction in R; line intensity. Simultaneously, the significantly less-
intensive broadband emission (centered ~796 nm) appears due to the thermally induced
population of the *T,, excited state. The Tos 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.% Cr’* retains the highest emission intensity. The detectable luminescence around
room temperature is a phenomenon that has not been observed for hybrid formates doped with
Cr’** 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—*As,
emission than the *T>,—*A, transition, model determination was based on the analysis of the
intensity of the Ri-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 S; values, achieving maximum values within the
150-180 K range, depending on the sample composition (Figure 22¢). The highest relative
sensitivity (2.5%K™!) is observed for Mn-based compounds doped with 5 mol.% of Cr** ions.
Among Zn- and Mg-based series, the highest S; values are observed for the samples containing
3 mol.% (2.4%K™!) and 1 mol.% (2.2%K") of dopant, respectively (Figure 22d). The Mg-
based materials exhibit the shift of maximal S; 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 2E,—*A, 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 *Eg—*Az, and *T2e—*Ax,
transitions. In this particular system, the intensity of the spin-allowed *T2,—*A,, 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.
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Figure 22. (a) Temperature-dependent emission spectra of Zn-based compound doped with 1
mol.% of Cr** with I; and I, markers and changes in: I; and I, 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 (S;) of zinc-series; (d) comparison of S; values for series
of materials containing 3 mol.% of Cr** ions and different M 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 Cr**
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.
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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 Cr**-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 Cr¥*-doped hybrid formate
perovskites: comparative analysis of ratiometric and lifetime-based
approaches

Adam Kabanski“,* Kacper Caputa, Dagmara Stefanska®”

“Institute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422
Wroctaw, Poland

The continuation of the research on the use of hybrid compounds containing Cr** 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)s: xCr**, and x = 0, 1, 3, and 5 mol.% of Cr**, 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 Cr** 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 Pna2; phase, with a phase transition to the R3 phase occurring at 316-373 K
range. The second phase transition, to the orthorhombic /mma 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
Cr’* is incorporated into the divalent Mg>" site. This phenomenon may be an explanation for
the limited achievable Cr** concentration (up to ~5 mol.%). These results follow the analogous
limitation observed within the series of DM A-based compounds presented in P3.

Conducted DRS studies showed the presence of characteristic absorption bands
assigned to *Ase—>Eg, *A2g—*A1g, and *Az,—* Ay, transitions. The obtained results correspond
to those reported in P1-P3. According to the DRS spectrum, the Dg/B values were determined.
Analysed compounds show intermediate-to-strong crystal field with Dg/B equal to 2.43, 2.45,
and 2.62, for materials containing 1, 3, and 5 mol.% of Cr** 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 Ry, is attributed to the
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spin-forbidden *Eq—*A, 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
(*T2e—*Az,). Even at 270 K, a weak emission from the *T» level remains detectable, although
it is approximately 5000 times weaker than the R 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 Cr** ions. The ratiometric method, presented also in publications
P1-P3, involves comparing the integral intensities of two selected emission regions -
675-692 nm (I;) and 710-1000 nm (1), assigned to the thermally coupled *E,—*Az, and
4Te—*As, 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 24¢). Maximum S; values of 2.69% K™ (120 K), 3.07% K™ (130 K), and
2.48% K (120 K) were obtained for the samples containing 1, 3, and 5 mol.% of Cr** 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 Cr** 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.
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Figure 24. (a) Temperature-dependent luminescence spectra of the materials doped with 3
mol.% of Cr** ions; (b) thermal quenching of the I; and I, ranges; (c) the reduction in the LIR
parameter over temperature

In the lifetime-based model, the average luminescence lifetime (Tavg) of the emission at
686.5 nm (R; 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 *T», state, which results in intensification of spin-allowed
emission. At 80 K, Tay, decreases systematically with higher concentration of Cr** 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 S; 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! (140 K) for 1 mol.% sample, 2.90% K™ (139 K) for 3 mol.%, and 2.94% K
(138 K) for 5 mol.% (Figure 25c¢). These high and comparable S; values indicate that the
lifetime-based method may provide a stable and reliable thermometric approach.
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Figure 25. (a) Temperature-dependent decay curves (sample with 3 mol.% of dopant); (b) the
Tavg as a function of temperature with fitting function; and (c) the change in S; 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 Cr**:
a strategy for optimizing luminescent thermometers

Adam Kabanski“,* Kacper Caputa, Dagmara Stefanska®”

“Institute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422
Wroctaw, Poland

An extension of the concept of multiparametric luminescent thermometry in hybrid
Cr’*-based materials is presented in study P5, in which a series of compounds
[EA]Mn(HCOO);: xCr**, and x = 0, 1, 3, and 5 mol.% of Cr**, 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); - has been previously described in the literature,
its Cr**-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);, have been
described previously; at room temperature, it crystallizes in the noncentrosymmetric Pna2;
space group. The phase transitions have not been reported. To evaluate the quality of the
synthesized materials and to understand the effect of incorporating Cr** 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 Cr**
ions is possible up to 5 mol.%. This upper limit is consistent with related hybrid materials
containing Mn?, 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 Mn**-based materials presented in publication P3. The undoped
sample, containing only Mn?" ions, exhibits several low-intensity absorption bands
corresponding to electronic transitions originating from the %A, energy level of manganese(II)
ions (Figure 26). After incorporating Cr’* ions into the structure, three characteristic absorption
bands become visible at approximately. More intensive Cr**-related absorption bands almost
fully overshadow the less intensive bands assigned to the transitions within Mn?" 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/R> = 0.0199) than the EA-based
compound (0.0196). Nevertheless, both values are considerably lower than those reported for
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Zn*" and Mg?" analogues - 0.0236 and 0.0250, respectively. It may indicate weaker crystal field
effects in Mn-based structures.

Cr*concentration | =0 mol % =1 mol.% —3 mot % 5 mol.%
cr*: A=
€ T Na .
()]
(&}
c
@ §
L0
—
Q
w
0
©
©
(3]
N
©
£
(=]
Z
'? ‘1 1
Mn®*:
"Ax-_:"
12000 17000 22000 27000
Energy (eV)

Figure 26. (a) The diffuse reflectance spectra of a series of [EA]Mn(HCOO)s: xCr**

The undoped [EA]Mn(HCOOj; compound does not exhibit Mn?*-related luminescence
due to strong concentration quenching. On the other hand, the Cr**-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 (R line). Additional Stokes sidebands are observed at 697.1 nm, 725.4 nm, and
753.1 nm. When the Cr’" 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 R line is quenched the fastest, while the relative contribution of
the broadband emission increases.
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Figure 26. (a) The temperature-dependent luminescence of the sample doped with 3 mol.% of
Cr’" ions; (b) the focus on *T,g—*As, emission range; (c) the normalized luminescence spectra
of the compound with 3 mol% of Cr*" 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 R, line shows double-exponential decay, attributed to local
charge mismatch and structural distortions around Cr** sites. Increasing dopant concentration
shortens the average luminescence lifetime. Among the investigated series, the determined Tayg
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 Cr’**-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.
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Figure 27. The strategy of multiparametric thermometric analysis

Ranges 11 and I» exhibit nearly identical temperature responses, indicating that both can be
assigned to the “E,—*Aj, transition. In contrast, Is and Is 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 LIR 14, which results from the
largest contrast in thermal quenching between I; and I4. Less pronounced decreases occur for
LIR 2 and LIR;3. Due to the significantly similar temperature-response of I; and I, ranges, the
change in LIR;> 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 Cr’* ions, the highest
sensitivity (3.91%K!) is obtained for LIR 4, while LIR, yields the lowest value (0.47%K!),
consistent with its slow thermal evolution (Figure 28c). These results are consistent with
a purely mathematical understanding of the relative sensitivity, linking high S; 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—*A2,
and *T2g—*As, transitions has been proved in publications P1-P4. Within the work PS5, this
statement is additionally confirmed; however, the LIRi;3 model - incorporating phonon
sidebands demonstrates strong potential for materials with a strong crystal field, where the *To,
emission is, in principle, suppressed. In such cases, temperature-sensitive phonon bands offer
an alternative route for achieving high sensitivity.
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Figure 28. Temperature-induced changes in: (a) thermometric ranges [1-14; (b) LIR parameters;
and (c) relative-sensitivities. The results were determined for the sample doped with 3 mol.%
of Cr** 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 R line (685.4 nm), as it is presented in Figures 29a-b. Obtained results
show high sensitivities up to 5.14%K! (1 mol.% of Cr** at 143 K), exceeding those obtained
with the ratiometric approach (Figure 29c). Other materials show sensitivities equal to
4.23% K and 4.32%K!, for materials doped with 1 and 3 mol.% of Cr** ions.
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Figure 28. (a) Temperature-dependent decay curves of a sample doped with 1 mol.% of Cr**
ions; (b) the change in the tavg(T) value with fitting function; (c) the change in the S; parameter
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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 *T2 level. Unlike ratiometric thermometry, lifetime-based sensitivity
decreases at higher dopant concentrations, indicating that low Cr** 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.



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 Cr** 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[2NaM"(HCOO)s: xCr*", where Ml = AI**, Ga’*; x =
0-100 mol.% (AI**) or 0.931 mol.% (Ga®*),

- P3-P5: single perovskites - [A]M(HCOO)s: xCr**, where A= DMA", EA™; M!! = Zn**,
Mn?*, Mg**, Ni*, Co** (DMA™) or Mg?", Mn*" (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-
PS), the slow-diffusion method has been chosen as the most prominent one. Within the
P3-P5 publication, presenting single-perovskite materials, the Cr*" replaces M>" 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 M**/Cr*>" ion substitution can be performed across the
entire composition range (0—-100%). Obtained pXRD patterns confirm the formation of
phase-pure crystalline products. While Cr** 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 R3¢ space group with
a phase transition to Cc group within the range 156-270 K; EA-based materials with
Mg?* cations (P4) show Pna2; phase, which transforms to R3 (373 K), and further to
Imma (426 K for heating and 415 K for cooling). The EA-derivative containing Mn?*
ions (PS), in turn, crystallizes in the Pna2; 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.

Spectroscopic analysis of the obtained compounds

Diffuse reflectance spectroscopy confirms the presence of Cr’* ions in the hybrid
frameworks, enabling assessment of their local coordination environment. In all
systems, DRS spectra reveal the characteristic Cr*" absorption bands corresponding to
the “Azg—?Eg, *Aze—*A1,, and *Az—*As, transitions, demonstrating successful
incorporation of chromium(III) ions into the octahedral metal sites. Within the Mn**-,
Ni?*-, and Co?**-based compounds (P3 and P5), partial overlap of Cr** and M?* 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: Mg?'- and Zn?"-based compounds doped with Cr**
ion exhibit stronger crystal fields than Mn?*-derivatives, which is consistent with their
longer average metal-oxygen distances. Altogether, DRS measurements provide
consistent spectroscopic information concerning Cr** 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
4A2—*T ), 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 °E, excited state. The presence of the less intensive broad
spin-allowed transition “T2,—*As, 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 *T, state, leading to
intensification of broadband emission (P1-P4) and progressive quenching of the
emission from a ’E; state. In the work P5, the increase in the intensity of broadband
emission was not observed, most likely due to already developed *T2g—*A2, emission
at 80 K and its following reduction. The relative contributions of both emission channels
vary significantly with host composition. Materials based on Mg*" or Zn*" exhibit
a stronger crystal field (stabilizing the °E, state) than Mn?*-based systems, which
enhances the creation of a broadband emission band and promotes thermal quenching.
The thermally induced quenching in luminescence from *Eg and T, 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
?Bg—*Ase and *To—*As, transitions has been particularly investigated. The relative



intensity of these emissions depends strongly on the crystal field strength. Stronger
fields suppress the broadband emission, whereas weaker fields enhance T2, emission
and intensify thermal quenching, which is especially visible within the full-
concentration range of Cr’* 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 Cr** concentration.

Crystal-field strength determination (P1-P5)

The crystal field strength values obtained from DRS measurements indicate that the
Dg/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 Cr*" ions in a strong crystal
field. This is evidenced by the significantly higher intensity of emission from the 2E,
level relative to that from the *Toe 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 *Tz,
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 Dg/B ratio, but must also consider the influence of the C parameter
on the positions of the energy levels in the Tanabe-Sugano diagram.

Thermometric analysis of the obtained compounds (P1-P5)

The uneven thermal quenching of emissions from 2E, and *T», 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 Cr**-based materials. Within the series of double-
perovskite stoichiometry, the highest value of S; is reported for [EA]2NaAI(HCOO)s:
21 mol.% Cr** (2.84% K1, 160 K, P1), however, the Ga-based analogue (P1) shows a
comparable magnitude of S; max values — 2.11% K™ (150 K). The results presented
within the work P2 show that an increase in Cr’" concentration induces the
intensification of the relative intensity of broadband *T2g—*A, 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 Cr**
ions leads to a change of the S; max toward higher temperature. By tuning the Cr**
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 *T,;—*Aj; emission, the ratiometric model was
determined according to emission bands assigned to *Egs—*A, (R; line and one of the
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accompanying, less-energetic bands). The highest relative sensitivity (2.5%-K™!, 160 K)
is observed for the sample doped with 5 mol.% of Cr** ions. Other materials, differing
in M?* cation, show comparable values of Sy max parameters - 2.2% K (150 K) and
2.4%K™!' (165 K) for Mg- and Zn-based compounds, respectively. The Mg-based
materials exhibit the highest stability of sensitive and shift of maximal S; 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 Mg>* ion (P4). The ratiometric model
was determined with a 2E./*To ratio, due to a sufficient intensity of spin-allowed
transition. The obtained model shows higher relative sensitivity than DMA-derivative
—up to0 3.07% K (130 K, 3 mol.% of Cr’*").

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 Iuminescence lifetime. This
model, based on the decay kinetics of the R line (686.5 nm), shows comparable relative
sensitivity, up to 2.97%K"! (140 K, 1 mol.% of Cr’"). 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 Mn?" 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 ! at 150 K (ratio of most
intensive lines of Eg—*A, transition) up to 3.91% K ! (140 K) for the ratio between
?Eg- and *Tog-related emissions. The potential of the method based on Ry (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 S max value of 3.44%K™! (140 K). To
further investigate the multimodal nature of Cr**-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% K1 (143 K, 1 mol.% of Cr*"). 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.

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



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 S, 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,'”” it may
have a significant influence on further investigation concerning the implementation of
hybrid materials doped with Cr** 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 Cr**-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 Trr (K) 1/R5 (A-5)
- [EA]2NaAl(HCOO)s Pn, P21/n 369 0.0403
[EA].NaCr(HCOO)s Pn, P21/n 373 0.0329
P2 [EA]:2NaGa(HCOO)s Pn, P21/n 3691-373¢ 0.0333
[DMA]Zn(HCOO); Cc, R3c 156 0.0236
[DMA]Mg(HCOO); Cc, R3c 270 0.0250
P3 [DMAIMn(HCOO); Cc, R3c 185 0.0199
[DMA]Ni(HCOO); Cc, R3c 180 0.0248
[DMA]Co(HCOO); Cc, R3c 165 0.0240
P4 [EA]Mg(HCOO);  Pna2i, R3, Imma 3 73: -3 1600 0.0245
426" -415
P5 [EA]Mn(HCOO); Pna2; - 0.0196

Symbols: " — measured during heating; © — measured during cooling
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Table 3. The comparison of spectroscopic parameters of Cr**-doped materials

Double perovskite stoichiometry: [Al.M'M"(HCOO)s

Publication A M!, M Cr3* content Dg/B C/B Stmax (T) (%K)
21 mol.% 2.76 5.56 2.84 (160 K)
30 mol.% 2.74 5.58 2.29 (160 K)
P1 EA* Na*, AI* 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*, Ga** 93.1 mol.% 2.35 4.58 2.11 (150 K)
Single perovskite stoichiometry: [A]M'(HCOO);
Publication A Y Cr** content Dq/B C/B Stmax (T) (%K)
1 mol.% 2.34 4.35 2.3 (170 K)
Zn** 3 mol.% 2.49 4.66 2.4 (165 K)
5 mol.% 2.36 4.41 2.3 (165 K)
1 mol.% 2.77 5.24 2.0 (170 K)
Mg>* 3 mol.% 2.69 5.13 2.3 (170 K)
P3 DMA* 5 mol.% 2.80 5.34 2.5 (160 K)
1 mol.% . o, 2.2 (150 K)
Overlap of the Mn~" and Cr
2+ 0

Mn 3 mol.% absorption bands 2.1 (170 K)
5 mol.% 2.1 (180 K)

1 mol.%

2+ 3+
Ni%* 3 mol.% Overlap of th.e Ni™"and Cr No detectable emission
1 absorption bands
5 mol.%
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Co*"

1 mol.%

3 mol.%

Overlap of the Co*" and Cr**

No detectable emission

absorption bands
5 mol.%
1 mol.% 2.43 4.60 2.69”M (120 K), 2.97°T (140 K)
P4 EA* Mg?* 3 mol.% 2.45 4.59 3.07"M (130 K), 2.9017 (139 K)
5 mol.% 2.61 5.06 2.48"M (120 K), 2.941T (138 K)
1 mol.% 3.34"M (120 K), 5.147 (143 K)
3.91° (140 K), 43277 (128 K)
2+ 3+ ’
P5 EA" Mn?* 3 mol.% Overla£)§§ t}{golrganzrsld Cr Alternative RM models:
i 0.47% (150 K), 3.44° (140 K)
5 mol.% 2.78"M (120 K), 4.23 (126 K)

Symbols: " — ratiometric model; T — lifetime-based model; * — ratiometric model based on *E; components; b _ alternative ratiometric model

based on R; line (see Chapter 7.5)
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ABSTRACT: Metal—organic frameworks with perovskite structures have
recently attracted increasing attention due to their structural, optical, and
phonon properties. Herein, we report the structural and luminescence studies
of a series of six heterometallic perovskite-type metal—organic frameworks
with the general formula [EA],NaCr Al, _ (HCOO),, where x = 1, 0.78, 0.57,
0.30, 0.21, and 0. The difuse reflectance spectral analysis provided valuable
information, particularly on crystal field strength (Dq/B) and energy band
gap (E,). We showed that the Dq/B varies in the 2.33-2.76 range depending
on the composition of the sample. Performed Raman, XRD, and lifetime
decay analyses provided information on the relationship between those
parameters and the chemical composition, We also performed the
temperature-dependent luminescence studies within the 80—-400 K range, which was the first attempt to use an organic—inorganic
framework | ence therr ter based solely on the luminescence of Cr* jons, The results showed a strong correlation
between the surrounding temperature, composition, and spectroscopic properties, allowing one to design a temperature sensing
model. The temperature-dependent luminescence of the Cr' jons makes the investigated materials promising candidates for
noncontact thermometers.
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B INTRODUCTION
Ower the past few years, perovskite matenals with the general

Bimetallic perovskite-like MOFs also exhibit interesting
Iuminescence properties. ™" Particularly, the subgroup of

formula ABX, have become a significant object of study. One
of the most noteworthy groups of these materials is hybnd
compounds containing organic cations A (eg., ammonium and
methylammonium), divalent metal ions B (eg, Pb* and
Sn'"), and halide ligands X (eg, I" and C17)."" Hybnd
compounds have been particularly useful in thin-film photo-
voltaic devices.”' Due to their specific properties, such as
ferroelectricity,” ™ colossal magx\ctc.m::msl:lncc,"Q magneto-
caloric effect,’™"" and unique optical properties,”' ™" they
can be implemented in various applications. The characteristics
of the perovskite-like materials can be significantly tuned by
replacing the A and B ions and X linkers."* ™"
Formate-based metal—organic frameworks (MOFs) with
perovekite structures have attracted a lot of attention due to
their various propertics, such as multiferroicity, ferroelectricity,
luminescence, and magnetic effects.”” ' The bimetallic
compounds with the general formula [ALLM'M"™(HCOO),
where A = EA" (ethylammonium), DMA® {dimethylammo-
nium), M' = Na* and K, and M" = Cr™, A", and Fe*,
exhibit unique, especially temperature-induced proper-
ties."""™"" The origin of this phenomenon is related to
order—disorder phase transitions and changes in energy level
populations caused by the change in temperature,
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chromium-based phosphors is noteworthy due to its strong
temperature sensitivity and weak concentration quenching ™"
The heterometallic MOFs containing chromium ions exhibit
temperature-dependent luminescence properties and may be
used for noncontact temperature detection.”’

The spectroscopic properties of the transition metal (TM)
ions, such as Cr', are strongly dependent on the local
environment, particularly the type of crystal field and
temperature. '~ Trivalent chromium ions exhibit two
main emission bands: narrow spin-forbidden *E, — ‘A,
transitions around 700 nm and broad spin-allowed T, —
“A,, transitions near 750 nm. The narrow emission occurs in a
strong crystal field, whereas broad emission takes place when
the materal exhibits a weak crystal field, "™ The materials
with intermediate crystal field strength exhibit both types of
emissions. Furthermore, the change of temperature strongly
affects the intensities of bands, which was reported as a
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potentially useful feature for temperature sensing’  The
concentration of the Cr'" ions affects not only the intensity
of emission but also may influence the dominant emission
band due to the change of the crystal structure.™

Luminescence noncontact thermometry is a novel scientific
approach for tem mperature measurements that has attracted a
lot of attention.’ Noncontact temperature sensing has a
high potential for application in industrial, scientific,
biomedical, and technological fields due to a wvariety of
advantages, such as micro- and nanosized implementation
possibility, high accuracy, and fast response. The general
measurement mechanism is mainly based on thermally induced
changes in the quality of luminescence spectra, such as peak
intensities, positions, or decay lifetimes. Y The most
promising approach is based on the examination of the
parameters known as fluorescence intensity ratio (FIR or A),
which is calculated by comparing intensities of two emission
peaks.”” FIR-based methods are particularly useful due to the
minimalization of an influence of measurement conditions,” ™

The temperature calculation can be based on the emissions
originating from individual dopants or codopants incorporated
into the structure of the material, Luminescent materials used
for temperature sensing can be divided into several groups
according to their size (nano- and microthermometers),
change of the wavelength (down- and up-converting
materials), and number of emission centers (single and dual
emission centers). Another subgroup of thermometric
matemls is compounds containing rare-carth (RE) metal
jons.

The application of host materials exhibiting luminescence
properties enables the analysis based on the emission peaks of
both host and dopant. The vast majority of research mvolves
inorganic _host materials containing RE metal fons as
dopants."""" Thermal sensing solutions based on transition
metal ions are not so popular; however, promising results have
been rcported for double perovskites codoped with vanadium
ions."”

Another noteworthy approach is the incorporation of
trivalent chromium fons, which can be a valuable direction
for RE-free luminescence thermometer design.™ "' The
potential of implementation of Cr' ions for high thermal
sensing has been reported for several inorganic maten-
als,""**" However, up to date, such solutions based on
MOFs have not been proposed.''"™ Another promising
approach is using mixed systems containing chromium ions as
well as lanthanide ions. """

Herein, we report the preparation and structural and optical
characteristics of the first MOF-type luminescence thermom-
cters based solely on spectroscopic properties of the Cr™ ions,
i.e., [EAL;NaCr,Al,_ (HCOO),, where x = 1, 0.78, (.57, 0.30,
021, and 0. The investigated materials exhibit significant
temperature-dependent  emission, simultancously related to
chromium ion concentration. In this work, we attempt to
describe the effect of the composition of the material and the
strength of the crystal field on the spectroscopic properties.
Particular attention s given to the possibility of the
implementation of investigated materials as noncontact
luminescence thermometers, To achieve this purpose, we

performed spectroscopic analysis in a broad temperature range.

M EXPERIMENTAL SECTION

Materials and Instrumentation. All precursors (analytical
grade) were commercially available and were used without further
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purification. The synthesis was performed on an Ertec Magnum [
microwave reactor with a standard Teflon vessel. The powder X-ray
diffraction (XRD) patterns were obtained on an X'Pert Pro X-ray
diffraction system equipped with a PIXcel detector, a focusing mirror,
and Soller shits for CuKa radiation (4 = 154056 A). The Raman
spectra were measured using a Bruker MultiRAM spectrometer with 2
cm”! resolution. A 1064 nm wavelength YAG:Nd laser was used as an
excitation source, The diffuse reflectance spectra were obtained using
a Varian Cary 5E UV=VIS—NIR spectrometer. The t

dependent emission spectra were obtained with a Hamamatsu P\M
12 photonic multichanned analyzer combined with a BT-CCD sensor.
As an excitation source, 3 405 nm laser diode was used. The
temperature was controlled by a Linkam THMS600 stage. For
lifetime measurements, a Ti-sapphire laser pumped with Nd:-YAG was
used as the excitation source. To record decay profiles, the digital
oscilloscope Tektronix MDO3052 was used. The compositions of
samples were determined with encrgy-dispersive X-ray spectroscopy
(EDS) measurement using a FEI NOVA NanoSEM 140 scanning
¢clectron microscope-

Synthesis. A series of [EA];NaCr Al _,(HCOO),, where x = 1,
0.78, 0.57, 0.30, 021, and 0, were prepared using the microwave-
assisted solvothermal method. Exemplarily, to grow
[EAL:NaCrazsAly:: (HCOQ), aystals, 32 mmel (0.8526 g) of
CrCly6H;0, 0.8 mmol (0.3%00 g) of AI{CIO,)9H,0, 4 mmol of
EA'HCI (03262 g), and 88 mmol of HCOONa (0.5985 g) were
dissolved in 15 mL of water. Afterward, 25 mL of N-ethylformamide
and 5 mL of 98% HCOOH were added to the prepared solution. The
mixture was subsequently transferred to a microwave reactor
containing a Teflon vessel. The reaction was maintained at 140 °C
for 16 h and then cooled to room temy . The solution was kept
undisturbed for 24 b, Next, obtained crystals were separated from the
mother liquid and dried at 50 “C. The obtaned crystals of the
[EA],NaAl(HCOO), nmple were colorless. In contrast, crystals of
materials containing Cr’ ions were purple or dark purple depending
on the chromium concentnmn The exact quantities of precursors
used for the preparation with inal and e
determined cumpomtlons of each sample are listed in Table SI. The
performed EDS analy:is provided information about the real
concentration of Ce™* ions, which is used in the further part of the

Poper

W RESULTS AND DISCUSSION

Structural Properties. Both [EA],NaCr(HCOO), (EA-
NaCr) and [EA},NaAl(HCOO), (EANaAl) crystallize in the
monoclinic, polar space group Pn. Previously published results
have shown that the space group transformation into a P2, /n
space group occurs at around 373 K for EANaCr and 369 K for
EtANaAL" The crystal structure in both phases exhibits a
perovskite-like topology composed of alternatively distributed
octahedral units of CrO,/AlO, and NaO,. A 3D metal-formate
framework comprises voids occupied by EA® cations (see
Figure 1), In the high-temperature P2,/n phase, organic
cations are dynamically disordered over two independent
positions that are occupied with roughly S0% probability. In
the low-temperature Pn phase, due to the strengthening of
hydrogen bonds, the metal-formate framework distorts, voids
shrink, and the thermal motions of EA* cations are suppressed,
The arrangement of EA" dipole moments in the ordered Pn
phase is responsible for the polar properties of EANaCr and
EANaAL"

The cell volume in the [EA],NaCr,Al,_ (HCOO), series is
dependent on the type of metal ion; the decrease in volume
was reported, while the Cr'* jons were replaced with AI* ions,
Such a phenomenon is related to the different ionic radii of
Cr** and AI™ (0.615 and 0.535 A, respectively).” The unit cell
volumes of the investigated series change within the range
from 1065.6 to 10789 A’ Detailed unit cell parameters are
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Figure 1. Crystal structure of EANaCr in the high-temperature P2, /n
and low-temperature Pn phases. H atoms are omitted for dlarmy,

presented in Table S2 and Figure S1. The comprehensive
structural and vibrational studies on both EANaCr and
EANaAl have been published previously.””

The phase purity of prepared materials was confirmed by
XRD measurements. The collation of obtained patterns
measured for the sertes of samples is presented in Figure S2.
The increasing concentration of Ce”* ions leads to a change in
XRD patterns, where the most visible change takes place in a
range of 20.5-21.5" No additional diffraction lines were
detected, which indicates that the Cr** ions can be substituted
by the AP* jons within the full range of concentrations. The
similar structural properties of the investigated materials
significantly expand the ficld of their possible implementation,

Raman Studies. Raman spectra of investigated compounds
contain bands related to internal vibrations of HCOO™ and
EA' jons as well as lattice vibrations. The specific assignments
of observed Raman bands, as well as more complex structural
description for combined hybrid materials containing EA* and
HCOO™ ions of isostructural compounds, were described in
the lm.-raturr, thus, no particular attention will be given to this
matter.”

The collation of the room-temperature Raman spectra for a
series of [EA],NaCr.Al,_,(HCOO), compounds is presented

g
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l-‘lsun 2, (a) Change of the normalized Raman spectra for a 1352
em”™' peak corresponding to the C—H inplane bending mode (u,)
(b) relation between 1352 cm™' peak intensity and Cr'*
concentration with linear fitting,

Diffuse Reflectance Spectra. The comparison of the
diffuse reflectance spectra of the prepared compounds is
presented in Figure 3a. A series of obtained spectra contain
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Figure 3. (a) Diffuse reflectance spectra of a series of
[EA].NaCr,Al,_,(HCOO), (x = 1, 078, 0.57, 0.30, 021, and 0)
compoands measured at 300 K; (b) change of the energy band gap
(£,) and Dq/B parameters as a function of Cr' ion concentration.

two main broad bands localized at about 17452 em™ (573
nm) and 24,213 cm™' (413 nm) corresponding to spin-allowed
Az‘ = *T,, and *A;, — T}, transitions, respectively. Low-

i

In Figure S3a. Ay one can see, the change of the composition
parameter x affects qualitatively the spectra. The disappearance
of some peaks and/or changes in intensity is accompanied by
an increase in Cr™* concentration. For instance, the increasing
amount of Cr** causes a decrease in the intensity of bands at
227, 290, 308, 630, 936, 1352, and 1682 cm ™" followed by the
emergence of bands at 245, 1340, 1383, and 1672 cm ™', Some
of them strongly change the relative intensity (Figure S3b,c),
These subtle differences are related to the slightly different
phonon properties of the Cr'/AP"—O bonds and the changes
In the local environments in the samples composed of the
mixed CrO,/AlO, octahedra. Additionally, a particular change
is observed around 1352 ecm™ (Figure 2a), The variety of the
peak intensities might be implemented to estimate the
concentration of the Cr™* jons in the sample. The exemplary
intensity as a function of concentration is presented in Figure
2b. Due to the high accessibility and measurement simplicity of
the Raman spectra, the calculation of the jon concentration
may be a useful analytical tool for material science,” ™™
Therefore, this topic may be an interesting subject for further
investigation.

ty and narrow lines at around 14,577 em™" (686 nm) are
aunbuted to the spin-forbidden transition from the Ay
ground state to the “E excited level. The intensity of the
DRS spectrum is related to several factors, eg, size and
position of crystallites. Thus, performed measurements are
used in a qualitative rather than quantitative manner. The
change in the spectrum shape is caused by the decrease in
spectrum compouems ovcda[rng In fact, cach part of the
spectrum assigned to ‘A, — and AE‘ “T',, transitions
contains two bands, in which owrhpplng creates the final
shape of the band, which is particularly visible for a sample
containing 100 mol % chromium ions,

The [EA];NaAI(HCOOQ), sample does not exhibit absorp-
tion in the given range due to a lack of optically active
chromium ions. The comprehensive description of absorption
spectrum deconvolution has been described by Strek et al™

In addition, spectral changes like band broadening or
maximum peak shift were observed at the absorption spectra
(Figure S4).

The Kubelka—Munk function was used to calculate the
energy of band gaps (E,) in the examined materials.” This
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determination is based on the graphical examination of the
following function:

_(-r
AR ="k (1)

where R denotes the measured diffuse reflectance. The
comparison of the prepared graphical analysis is presented in
Figure S5a—f, The estimated values of band gaps are presented
in Figure 3b. The nonlinear decrease in E, value is observed
across the entire range of Cr'" concentrations due to the
substitution of the smaller AP** ion (0.535) by the larger Cr™
(0.615) one. The sample containing only Al** ions exhibits the
maximum value of the band gap energy (5.09 eV), whereas the
compound based only on Cl§ ions shows a minimum value of
438 eV, The reduction of the E, value due to an increase in
Cr' ion concentration has faeen reported for similar
compounds containing a methylammoninm cation,"'

The obtained diffuse reflectance spectra were used to
determine the crystal field (Dq), as well as the Racah
parameters (B and C). The calculations were conducted
following the previously reported methodology.'™"* The
detailed procedure of crystal ficld parameter determination is
presented in Instruction 1 {Supporting Information). The
summary of the calculation values is presented in the
Supporting Information (Table §3). The analysis of the Dq/
B ratio allows the determination of the crystal field stren
According to the Tanabe—-Sugano diagram, the *E; and
levels are overlapped for the Dg/B ratio equal to 2.3, which
separates strong (Dg/B > 2.3) and weak (Dq/B < 2.3) crystal
fields. Additionally, samples exhibiting a Dgq/B value close to
2.3 can be assigned to the so-called intermediate crystal ficld,
The sample containing the lowest concentration of Cr'' ions
(21 mol %) exhibits the strongest crystal field (Dg/B = 2.76).
The increasing concentration of Cr' ions leads to a reduction
of the Dq/B value (Figure 3b), The lowest value of the Dg/B
parameter (2.33) was calculated for the sample containing 100
mol % chromium ions. Thus, the series of investigated
compounds can be mainly described as exhibiting strong
crystal fields, However, the sample containing 100% Cr** ions
exhibits an intermediate crystal field The comparison of two
samples containing 21 and 100 mol % Cr'* with energy
diagrams and representative emission spectra is presented in
Figure 4, The obtained results confirm the crystal ficld strength
reduction by increasing the chr m concentration, which
was reported previously,'!

Luminescence and Temperature Dependency. The
emission spectra of the obtained compounds were ed
within the range of 80-400 K with 10 K steps. The used
excitation wavelength was 405 nm since this energy
corresponds well with the ‘A;‘ — ‘Tis transition, The collation
of the excitation and emission spectra of
[EA];NaCry AL (HCOQ), is presented in Figure S6. Due
to fast nonradiative relaxation, the energy transfer from T, to
'Ty, and E, levels occurs.” The emission spectra of
investigated compounds are strongly sensitive to the environ-
mental temperature, At low temperatures, several narrow
bands are present, where the strongest one is located at 686.4
nm (named the R, line). Moreover, the band at 6842 nm
(named R,) can be observed. There are also additional Stokes
bands localized at 696.8, 7065, 727.2, and 752.3 nm. At higher
temperatures, the intensities of the R, and R, bands
significantly decrease. The intensities of bands at 727.2 and

-

[EA|NaCrg 3 AL (HCO0), [EA]NaCrHCOO),
Dy/B=2.76 Dq/B=233
Crystal Field: Strong Crystal Field: Intermediate
T, ",
R “,

A =

\ K
'\

u—"Tu.m—:\a.

Wb vy

Figure 4. Companison of the Dg/B values of two samples containing
21 and 100 mol % Cr™ ions as well as energy diagrams of Cr* tons
with the obtained emission spectra (normalized),

752.3 nm also simultaneously decrease, although this process is
not as progressive as a reduction of more intensive bands.

As the temperature increases, the emission spectra expand
and create a wide band with a maximum at 7523 nm. A
progressive increase in temperature leads to a reduction of the
emission intensity. The maximum intensities of this band occur
at 210, 190, 185, and 150 K for samples containing 100, 78, 57,
and 21 mol % chromium ions, respectively.

This emission is assigned to the spin-allowed *T,, — ‘A,
transitions. The formation of this broad band depends on the
concentration of the Cr* ions. Therefore, the sample of
[EA];NaCry,,AL - (HCOQ), does not exhibit such a property
and, on the other hand, the sample of [EA],NaC:(HCOO),
shows the strongest emission from the *T',, level,

The luminescence properties of transition metal ions, such
as Cr'", originate from d—d electronic transitions, which are
not shiclded by the outer orbitals, unlike the 4f orbitals in
trivalent lanthanide ions,"' Consequently, the spectroscopic
characteristics of Cr'* ions are strongly affected by the crystal
field strength of the matrix material; thus, the emission type,
range, and thermal ?uenching rate can be tuned by changing
the matrix type."' ™" The sensitivity of spectroscopic propes-
ties to the change of crystal ficld parameters plays a particular
role in research on TM-based luminescence thermome-
ters.' "7 The irradiation with 405 nm wavelength excites a
higher *T',, level. The nonradiative energy transfer causes the
increase in the population of the lowest vibrational level of ’E,.
At low temperatures, the *E, — *A,, transition is dominant. An
increase in temperature leads to a thermal population of the
T, level, which causes the occurrence of the broad spin-
allowed *T,, — *A,_ transition. The emission of the Cr** ions
may be influenced by the local ion’s symmetry changes, which
causes a distortion of the excited state parabola.’” Due to the
occurrence of the crossing point between ground and
excitation state parabolas, the increasing temperature may
cause the depopulation of the excitation states via nonradiative
transitions.

The same behavior was previously reported in methyl-
ammonium-based materials exhibiting different crystal field
properties, particularly the Dq/B parameter,’’ The overall
emission of prepared compounds quenches rapidly due to an
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increase in temperature to around 300 K. The concentration of
Cr' jons affects the maximal temperature when any emission
is detectable, which is 270 and 330 K for samples containing
21 and 100 mol % Cr'* ions, respectively.

It is worth noting that the sample of [EA},NaCr(HCOO),
exhibits low intensity and a very broad band within a range of
770 to 870 nm at a low temperature (80-130 K). This
behavior was not detected in samples containing a lower
concentration of Cr' jons. Such an occurrence of the
additional band may indicate surface defects that can be
related to a high concentration of chromium ions. A similar
additional emission peak was reported for hybrid perovskites,
e.g, CHyNH,PbCl; or MHyPbCly, and it has been assnsncd to
the recombination of photoexcited carriers in defects,”

Additionally, the decay profiles for samples containing 21—
100 mol % Cr™* were measured (Figure Sa). To calculate the

Tima {ma)

Figure 5. (a) Decay profiles of [EA],NaCr Al,_(HCOO), (x =
0.78, 0,57, 0.30, and 0.21) measured at 77 K; (b) change of nmc
parameters as a function of Cr'* concentration.

time components of the decay (7, and r, parameters), double
exponential fitting was performed with the following equation:

I=Ig+ A 4 A /0 IS

where I, is the initial luminescence intensity, A, and A, are the
pre-exponential coefficients, ¢, and r, are first and second time
components, respectively, and t is the time.

The infl e of the chr jons on the decay curve
shape is observed. The highest values of 1, and r, were
calculated for the [EA},NaCryyAlj~(HCOO), sample and
were equal to 1.35 and 2.26 ms, respectively. The increase in
chromium ion concentration leads to the nonlinear reduction
of the 7, and r, parameters (Figure 5b). The most sigmﬁam
decrease occurs between 21 and 30 mol % Cr' ion
concentrations, and then the change of the time parameters
is closer to linear. The lowest values of ¢, (0.069 ms) and 1,
(0.176 ms) were calculated for the [EA]NaCr(HCOO),
sample. The values of the time parameters for all of the
measured samples are listed in Table S4.

Luminescence Thermometry. The observed changes in
the intensity and character of the emission in the aftermath of
temperature change make the investigated metal—organic
frameworks interesting materials for luminescence thermom-
etry. It was recently suggested that h)‘bnd materials with a
perovskite-type architecture contaming Cr'* ions exhibit a
sufficient optical response and physicochemical properties to
be implemented into noncontact temperature sensing
solutions, 4404741

Temperature scnsing originates from the coexistence of at
least two temperature-d dent transiti In the case of
[EA]; NaCr,Al,.,(HCOO), compounds, the change in in-
tensities of two bands, assigned to T‘ — :\. and ’E . ‘A,,,
serves as the basis for temperature cstimation. Thc thermal
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evolution of the emission spectra for the sample containing
100 mol % Cr*' is presented in Figure 6a,b. The results for the
remaining samples are presented in Figure 57, To demonstrate
the temperature sensing performance, the thermometric
parameter A (FIR) was calculated. It is described as the
ratio of the integrated intensities of the considered bands, For
the calculations, two regions were chosen, namely, 660-718
nm for E, — ‘A, (denoted as I;) and 718-970 am for *T,,
— Ay (r.tenoted as I,), The comparison of the A value as a
function of the temperature for a series of investigated
materials is presented in Figure oc,

The increase in temperature causes the general reduction of
A; however, for samples containing 100 and 57 mol % Cr'
lons, the increase in the calculated value is observed within
ranges of 80—130 and 80—100 K, respectively. The highest
initial value of A was calculated for a sample containing 21 mol
% Cr'". Within a range of 200-300 K, the calculated values of
the thermometric parameters for all samples are comparable.
The slightly different shape of the initial part of the plot for the
material containing 100% Cr' ions may be related to the
additional, low-intensity broad band associated with a possible
self-trapped exciton (STE), whase existence was reported for a
wide variety of perovskite materals."”" ™™ The observed
emission decreases rapidly due to the increase in temperature,

To further demonstrate the luminescence thermometry
performance, the absolute (S,) and relative (S,) sensitivities
were calculated. The parameters are described by the following
equations:' '

S =

a1 (3

and
5 = }_ld_A
AldT (4)
where dA represents the change of thermometer parameter A
(Figure 6¢) at temperature change dT. The collations of
absolute sensitivities for a series of investigated materials are
presented in Figure 6d. The absolute sensitivities initially
increase with the growth of temperature, The maximum value
of 8, is 0.09 K™' at 120 K for a sample containing 21 mol %
Cr' jons. A progressive increase in temperature causes a
significant decrease in S, value. Similasly, the relative sensitivity
values increase with temperature (Figure 6e). The maximum
value of S, is 2.84% K" and is reached again for a sample
containing 21% chromium ions at a temperature of 160 K. The
calculated temperature measurement uncertainty (8T) for the
[EA],NaCry ;AL -, (HCOQ), sample at 160 K was 0.40 K. An
increasing temperature Jeads to a simultancous decrease in §,
parameter, The final value of relative sensitivity for most of the
samples is 1L.04-1.33% K" In addition, the dependency of
chromium ion concentration on the useful temperature sensing
range and relative sensitivity can be observed. The increasing
concentration of Cr'* ions causes the change of the maximal
relative sensitivity toward a higher temperature (Figure 6f),
The possible modulation of the optimal sensing range by
tuning the Cr'* concentration significantly expands the
possibility of system optimization.

To initially demonstrate a practical potential of Jumines-
cence thermometry, the exemplary thermometric solution
based on one of presented compounds has been prepared
(Figure 7). The obtained materials were investigated as

=231
T=68'C

-0
Tedatrc

FR«04%)
Tefa2C

Figure 7. Exemplary thermometrsc system: (a) thermal image and (b)
picture of the experimental setup; (¢) recorded emission spectra for
individual points with calculated FIR.

luminescence thermometers for low-temperature (T < ~30
“C) systems, Luminescence thermometers have to be cooled
by contact with an object, whose temperature is to be
measured, The very first tests were performed with the system
based on the temperature gradient present in a copper pipe,
one of which end is submerged in liquid nitrogen (Figure
7a,b). Crystals of [EA],NaCr(HCOO), were attached to the
surface of the pipe with a thermal paste.

Thermometnic calculations were performed with the model
determined with presented temperature-dependent lumines-
cence propertics. The obtained photoluminescence spectra
(4. =405 nm) were used to calculate the integrated intensity
ratio (FIR parameter) and then compared to the model
temperature relation (Figure 7¢).

The presented result shows the undeniable potential of
temperature-sensitive luminescent materials, Among various
advantages, one of the most significant is the possibility to
record the spectrum even in a presence of hoar frost. In
addition, even expensive commercially available thermal
imaging cameras are able to operate mainly in a temperature
regime above —40 “C. The implementation of functional and
durable luminescence thermometers is a significant matter for
more developed investigation. Investigated organic—inorganic
phosphors exhibit sufficient stability during heating—cooling
intervals (Figure S8). Performed measurements consist of
several consecutive heating and cooling processes. A significant
change in the FIR value has not been observed, so the
materials can be reused in thermometric systems. Measured
materials do not exhibit phase transitions within the
thermometric range, which additionally improves the stability
in nonconstant temperature conditions. It is worth noting that
possible practical usefulness may be significantly improved by
protecting solutions, such as resin impregnation.

The obtained results, especially considering the lumines-
cence thermometry performance, are remarkable and provide
valuable information about the relationship between the
composition, crystal field strength, and optical properties.
Achieved values of relative sensitivity, up to 2.84% K™', are
comparable to conventional inorganic lanthanide-doped
materials,” "™"" The comparison of the §, parameters of
some reported | ence thermometers is shown in Table
L
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Table 1. Collation of Exemplary Luminescence
Thermometers with Relative Sensitivity (S,) at a Given

Temperature (T)"

compound SMuKY)  TIK) ref:
StMgAl, Oy G 17 310 46
La,MgTi0,,Ce™, v+ 196 168 13
La;MgTiO, Eu* 34 e 65
SrGALITeO,Mn ", Eu™ 49 550 &8
LicZnu AL GegOy Mn™* 8459 323 ]
Sr.GeO P 90 n 70
ZnGa,0,-Ce™ 24 310 45
[BA}NACr, 5 Al (HCOO), 284 160 this wirk
THA9EWD. 1 (pha) 327 300 ki |
ThygFayy e bth) 285 1 7
Thy By g cpda 160 300 7A
FIR-SCDMASM 298 341 ]

"H2pia, 5-(pynidin-4-yl)isophthalic acid; H3bth, 3,5-tns(4-
carhoxyphenyl)benzene; H3cpda, §-(4-carboxyphenyl)-2,6-pyridine-
dicarboxylic acid; DMASM, 4-[p-(dimethylamino)styeyl}-1-methyl-
Pyl'!m ini m.

The results show that formate-based hybrid compounds with
the perovskite-like architecture [EA};NaCr Al,_ (HCOO), are
promising materials for luminescence thermometry. The
performed analysis shows that low-concentration chromium-
doped materfals may be promising compounds for highly
sensitive and lanthanide-free temperature sensors.

B CONCLUSIONS

The microwave-assisted solvothermal method was used to
successfully synthesize a series of MOFs with the general
formula [EA],NaCr,Al,_(HCOO),, where x = 1, 0.78, 0.57,
0.30, 0.21, and 0. XRD measurements confirmed the phase
purity and the ability to obtain mixed structures across the
whole concentration range. The Raman spectra confirmed the
expected composition of the prepared materials and provided
preliminary information on how the phonon properties change
as the Cr'* concentration increases. The emission properties of
synthesized compounds were found to be strongly temper-
ature-dependent below 250 K. This feature and the coexistence
of temperature-sensitive bands, spin-forbidden “E, — *A,, and
spin-allowed ‘T, — ‘A, let one to perform calculations in
order to evaluate the possible implementation of investigated
materials as luminescence thermometers. The relative and
absolute sensitivities of the studied compounds are satistactory
and are comparable to those of known inorganic materials, The
highest relative sensitivity (2.84% K™, 6T = 040 K) was
achieved for a sample of [EA],NaCr,; Al (HCOO); at 160
K. The results also showed that the concentration of Cr** ions
has a big impact on luminescence outputs. The temperature
sensing range and temperature of the maxdmal relative
sensitivity can be precisely tuned by modifying the sample
composition, substantially increasing the utility of the
developed luminescence ther ter. According to the results
of the investigation, chromium-based organic—inorganic per-
ovskites could be promising materials for noncontact temper-
ature sensing. The presented practical implementation of the
investigated compounds shows the potential of this particular
type of sensor. The development of thermosensitive materials
containing transition metal fons could pave the way for
lanthanide-free, low-cost, and efficient contactless lumines-
cence thermometry solutions,

W ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https:/ /pubsacs.org/dol/ 101021 /acsami. 2¢ 19957,

Quantities of precursors; unit cell parameters; crystal
field parameters and electron transition energies; time
parameters of decays; change of unit cell parameters;
XRD; Raman spectra; normalized DRS spectra; band
gap determined with the Kubelka~Munk function;
excitation—emission spectra; temperature dependence
on the luminescence spectra; thermometric stability in
100-160 K intervals for the representative sample;
thermal stability and crystal field parameter calculation
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

Adam Kabanski — Institute of Low Temperature and Structure
Research, Polish Academy of Sciences, Wroclaw 50-422,
Poland; Email: a kabanski@intibs.pl

Dagmara Stefanska ~ Institute of Low Temperature and
Structure Rescarch, Polish Academy of Sciences, Wroclaw S0-
422, Poland; © orcid.org/0000-0002-1051-3761;
Email: dstefanska@intibs pl

Author
Maciej Ptak ~ Institute of Low Temperature and Structure
Research, Polish Academy of Sciences, Wroclaw 50-422,
Poland

Complete contact information is available at:
https:/ /pubs.acs.org/ 10.1021 /acsami. 219957

Notes

The authors declare no competing financial interest,
Experimental data: The Raman and diffuse reflectance spectra,
band gap and crystal field strength, decay profiles and lifetimes,
temperature-dependent luminescence and emission maps,
thermometric parameters, exemplary system's luminescence
characteristics, unit cell charactenstics, powder XRD data,
Kubelka~Munk function with band gap estimation, excitation
and emission spectra, and stability of PL are available at
10.5281/zenodo. 7505524,

B ACKNOWLEDGMENTS

This research was founded in whole by the National Science
Centre, Poland, under project no, UMO- 2020/39/D/STS/
01289. For the purpose of open access, the author has applied
a CC-BY public copyright license to any Author Accepted
Manuscript (AAM) version arising from this submission.

W REFERENCES

(1) Prak, M.; Sieradzki, A; Simenas, M.; Maczka, M. Molecular
Spectroscopy of Hybrid Organic—Inorganic Perovskites and Related
Compounds. Coord. Chem. Rev. 2021, 448, No. 213180,

(2) Fan, Z; Sun, K; Wang, |. Perovskites for Photovoltaics: A
Combined Review of Organic-Inorganic Halide Perovskites and
Ferroelectric Oxide Perovskites. [, Mater. Chem. A 2018, 3, 18809~
18828,

{3) Prochowicz, D.; Franckevitius, M.; Cieslak, A. M.; Zakeeruddin,
S. M; Gratzel, M,; Lewinski, |. Mechanosynthesis of the Hybrid
Perovskite CH NH,Pbl;: Characterization and the Corvesponding
Solar Cell Efficiency. |. Mater. Chem. A 2015, 3, 2077220777,

hitpy/idet omg 10 1997 fwowemt 20 S WS
ACS Appd. Mader interfiaces XXXK XXX, XXX~ XXX

&3



84

ACS Applied Materials & Interfaces

www.acsaml.org

(4) Kim, J. Y;; Lee, ). W,; Jung, H. §; Shin, H; Park, N. G, High-
Efficiency Perovskite Solar Cells, Chem. Rev. 2020, 120, 78677918,

{5) Huang, C. R;; Luo, X; Chen, X. G.; Song, X. }.; Zhang, Z. X;;
Xiong, R. G. A Multiaxial Lead-Free Two-Dimensional Organic-
Inorganic Perovskite Ferroelectric. Natl. Sci Rev. 2021, 8, 1-7.

(6) Ptak, M; Macxka, M.; Gagor, A; Sieradzki, A; Bondwior, B;
Deren, P.; Pawlus, S. Phase Transitions and Chromium(I11)
Luminescence in Perovskite-Type [C,H,NH,]-
[Nag e Al (HCOO),] (x = 0, 0.025, 05), Correlated with
Structural, Dielectric and Phonon Properties. Phys. Chem. Chom. Phys.
2016, 18, 29629-29640.

(7) Prak; M.; Maczka, M,; Gagor, A.; Sieradzki, A, Stroppa, A; di
Sante, D; Perez-Mato, J. M.; MacAlik, L. Experimental and
Theoretical Studies of Structural Phase Transition in a Novel Polar
Perovskite dike [C,HNH,}[Na, (Fe,,(HCOO),] Formate. Dulton
Trans. 2016, 45, 25742583,

(8) Wang, Z. C; Rogers, 1. D; Yao, X;; Nichols, R; Atay, K; Xu, B;
Franklin, J; Sochnikov, L; Ryan, P. J; Haskel, D; Tafti, F. Colossal
Magnetoresistance without Mixed Valence in a Layered Phosphide
Crystal. Adv. Mater. 2021, 33, 2008755~2005762.

(9) Zhang, J; i W.-J3 Xu, | Geng, X--Y,; Zhou, J; Gu, Z-B, Yao,
S.-H; Zhang, §.-T. Giant Positive Magn i in Half-Metallic
Double-Perovskite Sr,CeWO,, Thin Films. Sei. Adv, 2017, 3, 1=7.

(10) Dhahei, A; Dhahsi, E; Hil, E K. Large Magnetocaloric Effect
in Manganese Perowskite La, .- Bi Ba, MnO; near Room Temper:
ature, RSC Adv. 2019, 9, 55305539,

(11) Kadim, G; Masrour, Ry Jabar, A; Hlil, E. K. Room-
Temperature Large Magnetocaloric, Electronic and Magnetic Proper
ties in Lag ¢Sy ;:MnO; Manganite: Ab Initio Calculations and Monte
Carlo Simulations. Phys. A 2021, 573, No. 125936,

{12) Chen, C. W,; Hsiao, S.Y,; Chen, C. Y,; Kang H. W,; Humbl
Y. Lin, H. W, Optical Properties of Orga tal Halide P
Thin Films and General Device Structure Design Rules for Perovskite
Single and Tandem Solar Cells, J. Mater. Cheme A 2015, 3, 9152~
9159.

(13) Stefanska, D.; Bondzior, B, Vu, T, H. Q; Grodzicki, M. | Dcrel').
P. ]. Temperature Sensitivity Modulation lhroue
Vanadium Concentration in a La,MgTiO: V" ,Cr'* Double Pemv
skite Optical Thermometer. Dalfon Trans, 2021, 50, 9851 —9857.

(14) Ptak, M; Dauk, B; Stefanska, D; Hermanowicz, K. The
Structural, Phonon and Optical Properties of [CH,NH,|M, ,Cr:
XAk« (HCOO), (M = Na, K; X = 0, 0.025, 0.5) Metal-Organsc
Framework Perovskites for Luminescence Thermometry. Phys. Chem,
Chem. Phys. 2019, 21, 7965-7972.

(15) Zhu, H; Pu, Y; Meng F; Wu, X; Gong Z: Ding Qs
Gustafsson, M. V; Tanh, M. T Jin, S; Zhu, X. Y, Lead Halide
Perovskite Nanowire Lasers with Low Lasing Thresholds and High
Quality Factors, Nat. Mater, 2018, 14, 636-642,

(16) Ptak, M,; Seefanska, Dy Gagor, A; Svane, K. L; Walsh, A;
Paraguassu, W. Heterometallic Perovskite-Type Metal—-Organic
Framework with an Ammonium Cation: Structure, Phonons, and
Optical Response of [NH,]NaqsCrxAly-x(HCOO); (X= 0, 0.025
and 0.5). Phys. Chem. Chem, Phys. 2018, 20, 2228422295,

(17) Zhang, Y. Liao, W. Q; Fu, D. W,; Ye, H. Y,; Liu, C. M.; Chen,
Z. N;; Xiong, R. G. The First Organic-Inorganic Hybrid Luminescent
Maultiferroic: (Pyrrolidinium )MnBry. Adv. Mater. 2018, 27, 3942~
3946,

(18) Shang, R; Xu, G. C;; Wang, Z. M; Gao, §. Phase Transitions,
Prominent Dielectric Anomalies, and Negative Thermal Expanston in
Three High Thesmally Stable Ammonium Magnesium-Formate
Frameworks, Chem, — Eur. ]. 2014, 20, 1146~1138.

(19) Maczka, M.; Ptak, M; Pawlas, S.; Paraguassu, W.; Sieradzki, A.;
Balciunas, S; Simenas, M; Banys, |. Temperature- and Pressure-
Dependent Studies of Niceolite-Type Formate Frameworks of
[NH,(CH,) ,;NH,][M,(HCQO),] (M = Zn, Co, Fe). Phys. Chem.
Chem. Phys. 2016, 18, 2761327622,

(20) Xu, X. Y.; Yan, B, An Efficient and Sensitive Fluorescent PH
Sensor Based on Amino Functional Metal-Organic Frameworks in
Aqueous Environment. Daltem Truns. 2016, 45, 70787084,

(21) Cul, Y,; Zhu, F; Chen, B; Qian, G, Metal-Organic Frameworks
for Luminescence Thermometry. Clhem. Commun. 2015, §1, 7420—
7431

(22) Macaka, M,; Bondzior, B; Derefy, P; Steradski, A;; Tremiel, J.;
Pictraszko, A; Hanuza, ], Synthesis and Characterization of
[(CH,);NH, ) [N, (Cro (HCOO),|: A Rare Example of Lumines-
cent Metal-Organic Frameworks Based on Cr{II1) Jons, Dilton Trums,
2018, 44, 68716879,

(23) Prak, M.; Zarychta, B.; Stefanska, D.; Ciupa, A.; Paraguasso, W,
Novel Bimetallic MOF Phosphors with an Imidazolum Cation:
Structure, Ph High- I Phase T and Optical

- Dalten Trans, 2019, 48, 242252,
(24) Charrous, B; Dasan, F; Royet, J. Drosophila Aversive Behavior
d Erwinia a carotovora Is Mediated by Bitter Nearons
and Leukokinin, iSdence 2020, 23, No. 101152,

(25) Deren, P. J; Malinowski, M. Strgk, W. Site Selection
Spectroscopy of Ce'* in MgA1204 Green Spinel [ Lumin. 1996,
65, 91-103,

{26) Deren, P. 1. Watras, A; Gagor, A; Pazik, R. Weak Crystal Field
in Yitrium Gallium Garnet (YGG) Submicrocrystals Doped with Cr
3+, Cryst. Growth Des, 2012, 12, 4752-4757,

(27) Wan‘. Q. Liao, M‘ Un. Qu Xiong, M Mu, Z; Wy, F. A
Review on Fl y Ratio Th Based on Rare-
Earth and Transition Metal lom Doped Inorganic Luminescent
Materials. [, Alloys Compid. 2021, 850, No. 156744,

(28) Yuan, }; Zhang, Y.; Xu, J.; Tian, T; Luo, K; Huang, L. Novel
Cr'*-Doped Double-Perovskite Ca,MNbO, (M = Ga, Al) Phosphor
Synthesis, Crystal Structure Photol ¢ and Th |
nescence Properties. J. Alloys Campd. 2020, 815, No, 152656,

(29) Lin, H.; Bai, G.; Yo, T.; Tsang. M. K.; Zhang, Q,; Hao, J. Site
Occupancy and Near-Infrared Luminescence in Ca,Ga,Ge,0,: Cr™
Persistent Phosphor. Adv. Opt. Mater. 2017, §, No. 1700227,

(30) Marciniak, L; Bednarkiewicr, A. Nanocrystalline NIR-to-NIR
Luminescent Thermometer Based on Cr'', Yb" Emission. Sens,
Actuators, B 2017, 243, 388-393.

(31) Matun, F, E; Brites, C. D, S; Ximendes, E. C; Mills, C; Olsen,
B.; Jaque, D; Ribeiro, S. 1. L; Carlos, L. D. Going Above and Beyond:
A Tcnfold Gain In the Pufonmnct of Luminescence Thermometers

Multi ic Sensing and Multiple Regression. Laser
Photonic Rev. 2021, 15, No. 2100301,

(32) Yin, H. Q; Yin, X B. Metal-Organic Frameworks with Multiple
Luminescence Emissions: Designs and Applications. Ace. Chemn. Res,
2020, 53, 485495,

{33) Wu, §; Min, H; Shi, W; Cheng, P, Multicenter Metal—
Organic  Framework-Based Ratiometric Fluorescent Sensors. Adv.
Mater, 2020, No. ¢I1B0S871.

{34) N'Dala-Louika, L; Ananias, D; Latouche, C; Dessapt, R;
Carlos, L. Dy Serier-Brault, H, Ratiometric Mixed Eu-Th Mcu!
Organic Framework as a New Cryogenic Lumi Ther ]
1. Mater. Chem. C 2017, 5, 1093310937,

(JS)ddRmaLBquauks.F.;Rodu U Jaque, D. In Vivo

ence y: From Materials to Applications.
Adv. Opt. Mater. 2017, 5, No. 1600508,
{36) Dramicanin, M. D. Trends in Luminescence Tt etry. J.

Appl. Phys. 2020, 128, No. 040902,

{37) Brites, C. D. S; Millin, A; Cados, L. D.Lanthanides in
Luminescent Thermometry, In Handbook on the Physics and Chomistry
of Rure Earths; Elsevier B.V., 2016; Vol 49, pp. 339-427.
DO 10.1016/bshpere. 201603005,

(38) Rocha, J.; Betes, C. D; Cados, L. D. Lanthanide Organic
Framework Luminescent Thermometers. Chem, — Ear, [ 2016, 22,
1478214795,

{39) Kolesnikov, 1. E; Afanaseva, E. V,; Kurochkin, M. A
Kolesaikov, E. Y; Lahderanta, E. Mixed-Valent MW;O,:EU‘"/E“"
Phosphor for Ratiometric Optical Thermometry. Phys. B 2022, 624,
No. 413456,

(40) Trojan-Piegza, |.; Brites, C. D, S; Ramakho, |, F. C. B; Wang,
Z.i Zhou, G Wang, S; Caros, L. D; Zych, E. Lay ,Gd, 20,0.:0.1%

htps Aol s 10 M0Y fwcsamt XSS
ACS Appd. Mader indertaces XXXK XXX, X000~ 00¢



ACS Applied Materials & Interfaces

www.acsaml.org

Pr Transparent Sintered Ceramic - a Wide-Range Luminescence
Thermometer. ). Mater. Chem. C ww, 8, 7005~7011.

(#1) Gavrilovié, T. V.; ) ¢, D. J.; Lojpur, V.; Dramicanin, M.
D. Multifunctional Eu*- and EP*/Yb"- Doped GAVO, Nanoparticles
Synthesized by Reverse Micelle Method, Sci. Rep, 2014, 4, 4209.

(42) Mykhaylyk, V., Kraus, H; Zh , Y. Tsiumra, V;
Luchechko, A; Wagner, A; Suchocki, A, Multimodal Non-Contact
Luminescence Thermometry with Cr-Doped Oxides. Sensors 2020,
20, 1-22,

{43) Glais, E; Pellerin, M.; Castaing, V.; Alloyeau, D; Touati, N;;
Viana, B; Chanéac, C. Luminescence Properties of ZnGa,0, ',
Bi'" Nanophosphors for Thermometry Applications. RSC Ady. 2018,
8, 4176741774,

(44) Bxlskmk, K Marciniak, L The lmpact of Cr'* Doy ng on
T lxlly Modulati in(.r“DopedandLr Nd»
CaDop«l YALO,;, Y ALGa, 0, and Y,Ga 0, Nmolhmnome
ters. Front. Chem. 2018, 6, 1-8,

(45) Ueda, J.; Back, M; Brik, M. G; Zhuang, Y.; Grinberg, M.;
Tanabe, S. Ratiometnc Optical Thermometry Using Deep Red
Luminesceace from T, and °E States of Cr" in ZnGa,O, Host. Opt.
Mater. 2018, 85, 510-516.

(46) Wang, Q.; Liang Z.; Luo, J.; Yang, Y.; Mu, Z; Zhang X.; Dong,
Hi; Wu, F. Ratlometnc Optical Thermometer with High Sensitivity
Based on Dual Far-Red Emssion of Cr'* in Se.MgAL,O,. Ceram. Int.
2020, 46, S008-5004.

(47) Mallins, A, L; Cing, A; Zekowic, 1; Willams, ). A G;
Dramicanin, M. D.; Evang, L R Dual-Emission Luminescence
Thermometry Using LaGaO,:Cr™, Nd** Phosphors. J. Mater. Chem.
C 2022, 10, 1039610403,

(48) Li, Z; Xu, 8. C; Zhang, C; L, X. Y Gao, S, S Hu, L. T;
Guo, 15 Ma, Y; Jiang, 5. Z; Sy, H P. High-Performance SERS
Substrate Based on Hybrid Structure of Graphene Oxide/AgNPs/Cu
Filmg@pyramid Si. Sci. Rep. 2016, 6, 1,

(49) Liu, T;; Kim, D.; Han, H,; bin Mohd Yusoff, A. R.; Jang, ]. Fine-
Tuning Optical and Electronic Properties of Graphene Oxide for
Highly Efficient Perowskite Solar Cells. Nanoscale 2018, 7, 10708~
10718,

(50) Lipidinen, T Fraser-Miller, 8. J.; Gordon, K. C,; Strachan, C. |,
Direct Comparison of Low- and Mid-Frequency Raman Spectroscopy
for Quantitative Solid-State Pharmaceutical Analysis, | Pharm,
Biomed. Anal 2018, 149, 343-330,

(51) Strgk, W.; Deren, P; Jezowska-Trzebiatowska, B. Optical
Properties of Cr' in MgALO,, Phys. B 1988, 152, 3790384,

(52) Loper, R; Gomez, R Band-Gap Energy Estimation from
Diffuse Reflectance Measurements on Sol-Gel and Commercial TiO
A Comparative Study. |. Sol-Ge! Sci Tedmol. 2012, 61, 1-7.

{53) Marciniak, L; Knlee, K; Elibieciak-Plecka, K.; Trejgis, K
Stefanska, ] Dramicanin, M. Luminescence Thermometry with
Transition Metal lons. A Review. Coord. Chem Rev. 2022, 469,
No. 214671,

(54) Adachi, S. Review - Photol ence Properties of Cr''
Activated Fluonde Phosphors. ECS | Selid State Sei. Technol. 2021,
10, No. 036001,

{55) Marciniak, L; Szalkowski, M.; Bednarkiewicz, A Elzbieciak-
Piecka, K. A Cr'' Luminescence Based Ratiometric Optical Laser
Power Meter. [ Mater. Chem. C 2022, 10, 1104011047,

(56) Adachi, S. Luminescence Spectroscopy of Cr'* in an Oxide: A
Strong or Weak Crystal-Field Phosphor? ) Lumin. 2021, 234,
No. 117965,

(87) Elibieciak-Piecka, K; Drabik, | _laqut D.; Marciniak, L. Ce™-
based Nanocrystalline Luminescent s Operating in a
Temporal Domain. Phys Chem. Chem. Phya 2020, 22, 7.5949-25962

(58) Marciniak, L; Bednarkiewicz, A.z Strek, W. The Impact of
Nanocrystals Size on Luminescent jes and Th y
Capabilities of Cr, Nd Doped Nmopbmphon Sens, Actuators, B
2017, 238, 381-386.

(59) Miczka, M; Gagor, A.; Zareba, ). K. Stefanska, D.; Droad, M;
Balcinas, S.; Simenas, M.; Banys, ]; Steradaki, A, Three-Dimensional
Perovakite Methylhydrazinium Lead Chloride with Two Polar Phases

and Unusual Second-Harmonic Generation Bistability above Room
Temperature. Chem. Mater. 2020, 32, 40724082,

(60) Hsu, H. Py Li, L. C; Shellaiah, M; Sun, K- W, Structural,
Photophysical, and Electronic Properties of CH,NH,PbCl, Single
Crystals. Sci Rep. 2019, 9, 13311,

(61) Otto, S; Scholz, N.; Behnke, T'; Resch-Genger, U.; Heinze, K.
Th Chromi AC less Optical Molecular Ther
Chene. — Eur. ]. 2017, 23, 1213112135,

(62) Gautier, R; Paris, M.; Massuyvau, F, Exciton Self-Trapping in
Hybrid Lead Halides: Role of Halogen, |, Am. Chem. Soc. 2019, 141,
1261912623,

(63) Kumar, V3 Luo, Z. A Review on X-ray Excited Emussion Decay
Dynamics in Inorganic Scintilator Materials. Photouics 2021, 8, 1-27,

(64) Smith, M. D,; Jaffe, A; Dohner, E. R; Lindenberg, A. M.
Karunadasa, H. I. Structural Origins of Broadband Emission from
Layered Pb-Br Hybrid Perovskites. Chem. Sci. 2017, 8, 44974504,

(65) Bondzior, B; Stefanska, D.; Via, T. H. Q. Miniajluk-Gawel, N.;
Deren, P. J. Red Luminescence with Controlled Rise Time in
La,MgTiO,: Eu', . Alloys Compd. 2021, 852, No, 157074,

(66) Kniee, K; Ledwa, K Marcinfak, L. Enhancing the Rnhnvc
Semitivity of V**, V* and V** Based Lumi Th by
the Optimization of the Stoichiometry of Y;Al, Ga, 0, Nanocrystals.
Nanomaterials 2019, 9, 1375,

(67) Stefanska, D.; Stefanski, M.; Deren, P, J. Unusual Emission
Generated from Ca2Mg0 SAISi1.S07:Eu2+ and [ts Potential for UV-
LEDs and Non-Contact Optical Thermometry. |, Alloys Compd 2021,
863, 1375.

(68) Li, L; Tian, G; Deng Y; Wang, Y; Cao, Z; Ling F; Li, ¥
Jiang, 8.; Xiang, G.; Zhou, X. Constructing Ultra-Sensitive Dual-Mode
Optical Thermometers: Utilizing FIR of Mn**/Eu™* and Lifetime of
Mn** Based on Double Perovskite Tellurite Phosphor. Opt. Express
2020, 28, 33747,

{69) Wang, Q; Liao, M;; My, Z,; Zhang, X.; Dong, H.; Liang Z;
Lue, J; Yang, Y.; Wy, F. Ratiometric Optical Thermometer with High
Sensitivity Based on Site-Selective Occupancy of Mn™ lons in
Li Zn AL Ge 0, under Controllable Synthests Atmosphere. [, Phys,
Chem, C 2020, 124, 886895,

(70) Brites, C. D. $.; Flacayk, K Ramalho, J. F. C, B.; Sojka, M.
Carlos, L D; Zych, E Widening the Temperature Range of
Luminescent Th through the Intra- and
tional Transitions of Pr'*. Adv. Opt. Mater. 2018, 6, No. l7013|3.

(71) Rao, X; Song. T.; Gao, J; Cui, Y,; Yang, Y; Wy, C; Chen, B,
Quan, G. A Highly Sensitive Mixed Lanthanide Metal-Organic
Framework Self-Calibrated Lumi t Th ter, ). Am,
Chem. Soc. 2013, 135, 1553915564,

(72) Ananias, D.; Brites, C. D, S,; Carlos, L, D;; Rocha, J. Cryogenic
Nanothermometer Based on the MIL-103(Tbh,Eu) Metal-Organic
Framework. Eur. J. Inorg. Chem. 2016, 2016, 19671971,

(73) Cui, Y Zou.W.!son&R. Yu,j Zlnng.w Yang, Y.; Qian, G.
A Rati ric and Colori t Ther over a
Wide Temperature Range Bued on a Lanthanide Coordination
Palymer, Chem, Cmmmm. 2014, 50, 719-721.

(74) Wan, Y, Yu, L; Xia, T. A Dye-Loaded Nonlinear Metal-

Framework as Self-Calibrated Optical Thermometer. Dyes
Pigm. 2022, 202, No. 110234,

htps Aol s 10 M0Y fwcsamt XSS
ACS Appd. Mader indertaces XXXK XXX, X000~ 00¢

85



86

Supporting information

Metal-organic framework optical thermometer based on Ur' wons luminescence

Adam Kabanski*", Maciej Prak®, Dagmara Stefanska®’,

“Institute of Low Temperature and Structure Research, Polish Academy of Sciences, Box 1410, 50-
950 Wrockww 2. Poland

“E-muail: a_kabanskigzintibs pl, dstefanskadmintibs pl



Table 51. Quantities of precursors used for the synthesis of the series of [EA]:NaCr,Al,_ (HCOO),

Amount of the substrate [g]

Reul x  MNominal x ) .
CrCly-6H 0 ANCI ) 9HAD EA-HCL HCOOOMa N-cthylformamide HCOOH
1.0 1,00 1658 0.3264 0.5985
078 080 {18530 0, 3905 03267 05985
0.57 [h.alh 01.6394 0.7803 03266 05987
_ . 25 ml 5 mil
0.30 0.40 0.3739 11710 0.3265 05902
021 0.20 021349 1. 560 03267 0.59849
(.00 (00 = 10502 0.3264 05987
Table 52, The parameters of the unit cells of the series of [EA]sNaCr Al _(HCOO),
K
Parametetr
0 0,21 0,30 0,57 0,78 I
a{A) 5038 5051 5065 B.0749 8002 102
BA) 0.261 0. 260 0. 260 0.262 0.265 9268
ciA) 14311 14.321 14.33% 14.346 14.359 14,368
il 123,226 123.204 123,194 123.152 123.113 123,100
F (A% 1IM35, 554 LIM3T, 55 L7, 754 1073.424 1076.531 1078881

Table S3. The collation of erystal field parameters and energies of electron transitions of the investigated

series of [EALNaCe Al (HCOO),

Parameter .
0.2l 030 0.57 0.7 |
A, »E jem!) 14545 14550 14550 14551 14555
A, — Ty (em') [ty 1 (b 16453 16285 16112 15715
".-“n:_.-—*"TL.. {cm') 22764 22581 22440 22383 22319
g (eme'y 1661 1645 1628 1611 1572
Biem") il G Gls 622 674
/B 276 274 269 259 233
Cem ) 1341 3346 1337 1302 1108
Cil 5.56 5.58 5.52 5.3 4.74

Table 54. The collation of lifetime time-parameters for a series of [EA]:NaCr, Al HCOO),

X
Parameter
021 130 .57 17K 1
) [ms] 1.35 11X 0,261 0,159 0,069
r2[ms] 2.27 [h9240 RN (0452 0176
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Figure S2. XRD patterns for a series of [EA]-NaCr,Al, (HCOO),
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Figure §7. The collation of temperature-dependent emission spectra of the investigated materials with
evolution map. The composition of the individual material is presented in the graphs.
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Figure S8. Thermometric stability in 110-160 K intervals for [EA]:NaCrq 5 Al 2(HCOO), sample.
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Instruction 1. - crystal field parameters calculation’

l.

The first step was the DRS spectrum deconvolution within the individual ranges of *A,,—'T,,
as well as *Aq,—*T, . The obtained values of the less-energetic component of cach transition
range were presented in Table 53, The energies of “A.,—"E transition for cach sample were
taken directly from the individual spectra. Having regard to the readability of the instruction,
the energy parameters were implemented:

- E! - energy of the *A;,—E transition;

- E2 - cnergy of the *Ay,—*T,, transition;

- E3 - energy of the *A,—T, transition,

The calculations of the crystal field (Dq) were performed as follows:

E2,
Dq =5 #(1)

where i stands for the individual sample (e.g. £2:, 500 = 16610 cm')

The Racah parameters (B and C) were calculated according to the following formulas;

El,— EZ,
x=—pr— #(2)
B= P4 #(3)
15(x — B)(x2 — 10x)
. 2
Fi,— 798 + ]
L= 305 #{4}

4. The erystal field strength is described by the radio of crystal field and the Racah parameter —

D/ B.

The detaled results of the calculations are presented in Table 53.

1] B. Henderson and G.F. Imbush, Optical Spectroscopy of Inorganic Selids, Clarendon Press,
Ouiford, 1989, ISBN: 0-19-851372-0

[2] B. Henderson and R.H. Bartram, Crvstal-Field Engineering of Solid-State Laser Materials,
Cambridge: Cambridge University Press, 2000, ISBN 0-521-39349-2
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Mechanism of isosymmetric polar order—disorder
phase transition in pyroelectric
[CH3CH,;NH3],NaGa(HCOO)g double perovskitet
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Recently, hybrid double-perovskite structures have attracted attention due to thelr versatile multi-
functional properties originating from the variety of different constituent units in these materials, Here,
we report the synthesis and comprehensive muititechmique charactenzation of a novel hybrid double-
perovskite formate-based material [CHCH NM:,NaGalHCOO);. The heat capacity measurements
indicate that this compound has a structural phase transition at 379 K. In the low-temperature phase,
the compound crystallizes in the non-centrosymmetnc polar £n structure, which exhibits a long-range
order of ethylammonium (EA') cations. Surprisingly, the Pn space group is not affected by the transition
to the high-temperature disordered phase, which indicates that the transitions are isosymmetrnic making
this compound a unigue member of the formate-based double-perovskite family. The presence of the
second-harmonic generation response in both phases confirms their non-centrosymmetnc nature, while
the dielectric spectroscopy expenments reveal that the trarsitions have a continuous order -disorder charac-
ter. The observation of the pyroelectnc current, but the absence of the electnc polanzation switching ndicate
that this compound is not properly ferroelectne. The electron paramagnetic resonance experiments of a
compound slightly doped wath paramagnetic Fe** impunties confirm the continuous character of the transi-
ton and allow us to probe the EA" cation and framework dynamics in this system, The vibrational spectro-
scopy data confirm that the phase transition is primarily driven by the progressive ordering of EA' cations and
the resulting changes in the hydrogen bond strength. The temperature-dependent luminescence studies
show that the [EALNaCroo00Gag 0ealHCOO): perovskite 1s a promising material for noncontact temperature
manitoring,
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Introduction

Recently, three-dimensional (3D) hybrid organic-inorganic per-
ovskite materials with the formula AM"X, (A’ denotes a proto-
nated amine, M" - a divalent metal ion, and X ~-a small organic

" Institute of Low Temperature and Structure Research, Polish Acad Sei . . a s . .
o RPN it e emy of Sctemces, linker) have gained significant attention due to their structure-
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T Electronic supplementary information |EST) available: Fig $1-S16: powder XRD,

DSC curve, ssymmetric parts and packing dugnms. SHG traces, dielectric

permittivity, current density, room-temperature temperature:

dependent IR spectra, thermal evolution of selected 1R bands absorption spectra,

T‘auc plots, cmisskm spectra, FIR ratio; Tables S1-8S6: XRD experimental data,
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based multifunctionalities.'* In some hybrid perovskites, a few
intriguing physical phenomena can simultancously coexist
making them appealing for a wide range of applications.”*”’
In particular, the simplest halide 3D lead-based perovskites
comprising the smallest organic cations, including methylam-
monium (MA'),""" fluoromethylammonium (FMA'),"" forma-
midinium  (FA'),"*""  methylhydrazinium (MHy'),'*'" and
aziridinium (AZR'),"” exhibit excellent optical properties for
optoelectronic photovoltaic, light emitting, and lasing applica-
tions, including tuneable bandgaps, second-harmonic genera-
tion (SHG), excitonic emission, long carrier diffusion lengths,
high mobility, and high absorption coefficients."*"™*'? pue to a

J Mater Chem, C
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rather scarce choice of molecular cations forming 3D lead
halide perovskites and lead toxicity, perovskites with other
metal ions and longer organic linkers, such as formates,
hypophosphites, azides, cyanides, and dicyanamides, are of
considerable relevance.**"

Order-disorder phase transitions (PT} are a common feature
in these materials, and they are usually connected with the
emergence of phenomena related to the loss of the inversion
centre.”'*® The organic cation A* is often involved in the
ordering due to the interaction with the 3D framework via a
network of N-H- X hydrogen bonds (HBs), ™ *"*

Because of their remarkable ferroelectric, multiferroic,
dielectric, magnetic, and optical properties, formate perovs-
kites containing divalent metal ions M"Y are the most
researched group.®*" ** Only formates, azides, and cvanides
are capable of forming the A,M'M'™X, double-perovskite
structure, which is comprised of an equimolar ratio of mono-
valent (M') and trivalent (M™) metal ions arranged into an
alternately propagating 3D framework of ligand-connected
octahedra,’”?*

There are several members of the A,M'M"™(HCO0O), family,
where A' = ammonium [AM’), hydrazinium (Hy'), MA,
dimethylammonium (DMA’), ethylammonium (EA'), imidazo-
lium (IM”), and guanidinium (GA') cations, M' = Na', K', and
M™ = AP, o', and Fe' " Order-disorder PTs have only
been reported for DMA' and EA' analogues, and the latter
compounds have received significant attention due to the
density functional theory (DFT) calculations and experimental
findings suggesting the presence of ferroelectricity™ and
polarization enhancement under high pressure.*™** Its exis-
tence, however, has never been proven experimentally for
double-perovskite formates.

All known [EA],NaM"'(HCOO), members (M™ = AI", €',
and Fe'') exhibited PT in the 361-369 K range when heated
from the low-temperature (LT) non-centrosymmetric and polar
phase Pn to the high-temperature (HT} centrosymmetric phase
P2;/n. In the HT phase, the EA' cations are disordered, and the
arrangement of dipole moments prevents the occurrence of
polar order.”* Furthermore, the presence of Cr'* ions in the
structure predisposes the aforementioned materials to be used
as luminescent thermometers, with the crystal field strength
being dependent on the applied metal ion ratio.”” We recently
demonstrated [EALNaCr{HCOQ), as a sensitive thermometer
with low operating temperatures.”’

This work is focused on the structural, dielectric, electric,
optical, and phonon properties of a novel analogue, [EA];Na-
Ga[HCOO),. We show that, despite various similarities, the
physicochemical properties of this compound stand out in
the group, primarily because the HT phase is also polar.
As an outcome, the compound displays an extremely rare
order-disorder polar-polar PT, which has been reported
among formate perovskites only for the subgroup of [MHy}-
M"(HCOOJ; (M" = Fe, Mg, Mn, and Zn)."” The mechanism of
this unusual PT is discussed. The investigated perovskite can
be used as a non-linear optical switch and a luminescent
thermometer.
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Experimental
Materials and synthesis

The crystals of [EA|,NaGa[HCOO), (1) were synthesized using the
solvothermal method described  eardier for [EALNaCrAl,_ -
{HCOO0),.*" All chemicals were purchased and used without
further purification. To synthesize 1, a mixture of ca. 4 mmol
(ca. 1.5 g) of Ga[NO,),-XH,0 (Sigma Aldrich, 99.9%), 4 mmol
(0.3262 g) of ethylamine hydrochloride (Sigma Aldrich, 98%),
and 8 mmol (0.5441 g) of sodium formate (Sigma Aldrich,
99% ) was dissolved in 10 mL of distilled water. Next, 25 mL of
N-ethylformamide (Sigma Aldrich, 99%) and 5 mL of con-
centrated formic acid {Avantor Poland, 98-100%) were
added. The solution was scaled in a Teflon-line autoclave
and heated at 140 C for 24 hours. The obtained liquid was
then allowed to slowly evaporate at room temperature (RT).
After two days, the crystals were separated, washed with
10 mL of anhydrous methanol (Sigma-Aldrich, 99.8%), and
dried in air,

Despite attempts to synthesize a mixed sample with a
composition of 25 mol% Cr'' and 75 mol% Ga', a sample
with much more chromium erystallized. The EDS tests con-
firmed that we were only able to synthesize a sample composed
of ca. 6.9 mol% Ga™ and 93.1 moi% Cr' ions, namely
[EA];NaCry 45,Gag o HCOO), (2).

To get more information on the framework contribution to
the mechanism of PT, an additional sample comprising a small
amount (ca. 0,01 mol%) of paramagnetic Fe'' ions (3) was
prepared in the same manner,

X-ray diffraction

The single crystal of 1 was mounted on a CCD Xcalibur
diffractometer (graphite monochromatic, MoKz radiation, £ =
0.71073 A) at 293(2) K and 391(2) K. The corrections to the
Lorentz and polarization factors were applied to the reflection
intensities, The structures were solved by direct methods
applying the SHELX program, The H atoms were determined
from the geometric concepts and refined in a riding model with
isotropic temperature factors 1.2 times the U, value of the
parent atom. All non-hydrogen atoms were located from differ-
ence Fourier synthesis and refined by the least squares method
in the full-matrix anisotropic approximation. The crystallo-
graphic data for 1 and details of the X-ray experiment are
collected in Table S1 (ESIt). The structure drawings in the ESIT
were prepared by using OLEX program.™

The CODC deposits 2254366 (293 K) and 2234367 (391 K)
contain the supplementary crystallographic data for 1.7 These
data can be obtained free of charge at hitps:/'www.cede.cam.ac,
uk/structures,

Powder X-ray diffraction patterns of 1, 2, and 3 were col-
lected using an X'Pert Pro X-ray diffraction system fitted with a
PiXcel detector, a focusing mirror, and Soller slits for CuKx
radiation (£ = 1.54056 A), Fig. 51 (ESI) presents a comparison
of experimental patterns with a simulated pattern based on
structure refinement for 1 at 293 K,
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Differential scanning calorimetry (DSC)

The heat capacity of 1 was measured from RT to 400 K using a
Mettler Toledo DSC-1 calorimeter with a high resolution of
0.4 yW. Nitrogen was used as a purging gas, and the heating
and cooling rates were 5 K min . The mass of the measured
sample was 6.1 mg. The excess heat capacity associated with the
PT was calculated by subtracting from the data a baseline
representing the system variation in the absence of PTs,

Second harmonic generation (SHG)

SHG properties were studied using a laser system Coherent
Astrella Ti:Sapphire regenerative amplifier providing femto-
second laser pulses (800 nm, 75 fs) at a 1 kHz repetition rate.
The laser fluence at the sample was set to 0.28 mJ em ™. The
single erystals of 1 were crushed with a spatula and sieved
through an Aldrich mini-sieve set, collecting a microcrystal size
fraction of 88-125 pm. Next, size-graded sample of 1 was fixed
in-between microscope glass slides to form a tightly packed
layer, sealed, and mounted to the horizontally aligned sample
holder. No refractive index matching oil was used. The
employed measurement setup operates in the reflection mode.
Specifically, the laser beam was directed onto the sample at
45 degrees to its surface. Emission collecting optics consisted
of a 025.0 mm plano-convex lens of focal length 25.4 mm
mounted on the 400 pm 0,22 NA glass optical fiber and was
placed along the normal to the sample surface. The distance
between the collection lens and the sample was equal to 30 mm.
The spectra of SHG responses were recorded using an Ocean
Optics Flame T XR fiber-coupled CCD spectrograph with 200 ym
entrance slit. Scattered pumping radiation was suppressed with
the use of a Thorlabs 700 nm hard-coated short-pass dielectric
filter. The temperature-dependent SHG study was performed in
the 353-403 K range using a Linkam LTS420 Heating/Freezing
Stage. Temperature stability was equal to 0.1 K. Kuntz-Perry
powder tests were performed at 293 K, using potassium hydrogen
phosphate of the same particle size as the SHG reference.

Electronic paramagnetic resonance (EPR) studies

The X-band (9.5 GHz) EPR experiments of the sample 3 were
performed using 2 Bruker ELEXSYS E580 EPR spectrometer, For
the EPR measurements, the crystal samples of [EA],NaGa(H-
COO):Fe were ground into a fine powder. For the continuous-
wave (CW) EPR experiments, we used 8 G and 100 kHz field
modulation. The microwave power was adjusted 1o avoid
saturation of the EPR signal. The pulsed EPR experiments were
performed using 32 ns n-pulse duration. The echo-detected
field sweep [EDFS] spectra were recorded using a Hahn echo
pulse sequence (n/2-t-n-1-echo) with an interpulse delay t of
200 ns and two-step phase cyeling, The three-pulse electron
spin echo envelope (ESEEM) time traces were obtained by
integrating the echo obtained using the stimulated echo pulse
sequence (m/2-r-m/2-1'-n/2-7-echo) with the fourstep phase
cyeling, where the interpulse delay r* was incremented by a
time step of 8 ns. A stretched exponential function was used for
background correction.
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Dielectric measurements

Diclectric spectroscopy experiments of single crystal and
pressed pellet samples of 1 were performed in the 20-10° Hz
frequency range using an HP4284A LCR meter. The flat capa-
citor model was used to calculate the complex dielectric per-
mittivity from the measured capacitance and  dielectric
loss tangent. Silver paste was used for sample electrodes,
Temperature-dependent dielectric spectra were measured on
cooling at a rate of 1 K min ™',

Pyrocurrent measurements

For the pyrocurrent measurements, the pellet sample of 1 was
poled with 50 VDC and cooled down through the PT from 400 K
to RT. Afterwards, the poling voltage was removed and
the sample was shorted. The pyrocurrent was measured using
a 6514 Keithley electrometer during heating at a rate of

1 Kmin "

Electric polarization measurements

An Aixact instrument was used to measure the electric field-
dependent electric polarization of a pellet sample of 1. A periodic
triangular signal with a frequency of 100 Hz was used for the
measurements, A high voltage was obtained using a Trek 609E6
voltage amplifier.

Vibrational measurcments

RT Raman spectra in the range of 3600-80 ¢m ' of 1 and 2 were
measured using a Bruker FI-Raman RFS 100/S spectrometer
with a 1064 nm excitation line (YAG:Nd}.

The temperature-dependent IR spectra of 1 in the 3250-
675 em ' range were measured using a Nicolet iN10 FTIR
microscope and a Linkam THMS600 stage equipped with ZnSe
windows,

Optical measurements

The diffuse reflectance spectra of 1 and 2 were collected in the
back-scattering geometry using an Agilent Cary 5000 spectro-
photometer,

A Hamamatsu PMA-12 photonic multichannel analyzer paired
with a BT-CCD sensor was employed to obtain temperature-
dependent emission spectra of 2. As an excitation source,
a 405 nm laser diode was used. A Linkam THMS600 stage
was employed to regulate the temperature.

Energy-dispersive X-ray spectroscopy (EDS)
The chemical composition of 2 was determined using a FEI
NOVA NanoSEM 140 scanning electron microscope,

Results and discussion
Thermal properties

The acquired DSC curve, shown in Fig. S2 (ESI?), demonstrates
that 1 undergoes PT at T = 379 and 376 K during heating and
cooling, respectively. A small temperature hysteresis of 2 K as
well as the lambda-shaped change in AC; and a gradual change
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Fig. 1 (4 Temperature dependence of the excess heat capacity (AC) and
change in entropy (AS) obtained for 1

in AS associated with this PT shown in Fig. 1 imply that this
transformation has a second-order (continuous)] nature, The
estimated value of change in entropy AS (3.5 ] mol ' K ') is
similar to that reported for the [EAL,NaM™{HCOO), (M" = AI'",
cr'', Fe'') analogues (2.0-5.0 J mol ' K '),**" indicating a
similar order-disorder mechanism of PTs [see the comparison
of thermal parameters in Table S2, ESIF).

Assuming that AS = RIn N, where R denotes the gas constant,
and N specifies the ratio of disordered states in the HT and LT
phases, respectively, the caleulated N for 1 is 1.6, This value is
slightly lower than that obtained from our X-ray diffraction data
(see below), revealing that EA' cations in 1 display two-fold
disorder in the HT phase and become ordered below the T, (N =
2). This mismatch indicates that the deformation of the metal-
formate framework triggered by the ordering of EA” cations is
equally significant.

Single-crystal X-ray diffraction

The structure of 1 has been determined at 293 and 391 K. Both,
the HT and LT phases belong to the monoclinic system, non-
centrosymmetric and polar space group Pn at 293 and 391 K.
Table S1 (ESIf) contains the experimental data regarding the
single-crystal structure determination. Table $3 (ESIF) provides
the geometrical parameters for both phases.

In the HT phase, the asymmetric part of the unit cell
consists of two metal lons (Ga'" and Na') surrounded by six
formate (HCOO ) linkers and two protonated EA' cations (see
Fig. 2 and Fig. $3, ESIT). The metal centres are connected through
formate linkers in the anti-anti mode configuration forming a 3D
network with pseudo-cubic voids. The cavities are oceupied by EA
cations joined to the framework by stronger N-H: - <O and weaker
C-H---O HBs (Table $4, ESIT). The organic cations are dynami-
cally disordered in two positions (Fig. 2a and Fig. §3 and S$4, ESIt),
‘The crystal structure is very similar to previously studied [EA]LNa-
M"(HCOO), (M™ = AI™, ™, Fe'') members with disordered HT
phases, in which dipole moment alignment leads to the dis-
appearance of polar properties in the HT centrosymmetric P2,/n
phase.” In contrast, the HT phase of 1 remains non-
centrosymmetric despite the similar disorder of EA' cations.
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|disordered phase Pn (HT)|

(@ ..!

Fig. 2 Structures of 1 at (3) 391 K (dsordered phase) and (b 293 K
{ordered phasa). The M™ label stands for Ga™ /Fe™ /Cr™*

Lowering the temperature below 377 K causes the organic
cations to order. The asymmetric unit in the LT phase has
remained mostly unaltered. However, the PT strongly affects
the HB network, as the donor-acceptor distances (D-- A} are in
the 2.865(3)-3.277(5) A range for the LT phase and 2.85(4)-
3.444(19) A range for the HT phase {see Table $4, ESI1).

The distortion of octahedral coordination in both phases is
depicted in bond lengths and valence angles (see Tables 52 and
83, ESIf]. At 293 K, the Ga-0O distances range from 1.965(3) A to
1.987(3) A, while the Na-O from 2.385(5)-2.531(4) A, resulting
in the bond length distortion indexes 4 of 0.0040 and 0.0196 for
the GaOg and NaQj octahedra, respectively. The corresponding
bond angle variances ¢ are equal to 1.77 and 17.04 deg’,
respectively, implying that the NaO, octahedra are more dis-
torted in the LT phase compared to the GaO, ones. The increase
of temperature to 391 K results in a decrease of 4 (0,0027) and
¢" (1.42 deg’) for GaO,,, making it less distorted. In contrast, for
NaQ, the 4 parameter slightly increases to 0.0231, while o” is
decreased to 12.06 deg”. Taking into account the 4 and o’
parameters for all members of the [EALNaM™(HCOO), family,
the crystals of 1 are composed of the most distorted NaO,, and
M'"0,, octahedra (Table §2, ESIS).

Second harmonic generation

Temperature-dependent SHG study was performed by illumina-
tion of 1 with 800 nm femtosecond laser pulses in the 354-403 K

temperature range, The temperature plot of integral intensities of
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Fig. 3 Integral intensities of the SHG signal of 1 for heating Ired squares|
and cooling (blue squares) runs.

the SHG signal of 1 is shown in Fig. 3, while the experimental
spectra are provided in Fig. 85 (ESIF). It is apparent that both LT
and HT phases show the SHG response, confirming a non-
centrosymmetric nature of these phases. Moreover, one also sees
a gradual decrease in the SHG intensity with increasing tempera-
ture (LT phase) with an inflection at around 387 K, above which
the SHG response stays flat (HT phase). There is also a negligible
temperature  hysteresis for heating and cooling runs, These
features indicate the continuous character of the transition
between the two acentric phases, in line with the DSC studies,
From the quantitative perspective, the amplitude of the SHG
response is rather moderate. A Kurtz-Perry powder test” using
a size-graded sample of 1 at 293 K shows that the SHG response is
0.01 versus a KDP reference of the same particle size, see Fig. S6
(ESIt).
Dielectric properties
The temperature dependence of the real &' and imaginary
parts of the complex dielectric permittivity (z* =5" - ") a single
crystal sample of 1 is presented in Fig. 4. A sharp anomalous
increase of ¢* can be observed at 380 K (Fig. 4) due to the
isosymmetric phase transition in good agreement with the DSC
and SHG results. A similar anomalous behaviour is also
observed for the pressed pellet sample (see Fig. S7a, ESIT).
Note that we did not observe any additional diclectric anoma-
lies, which can be associated with the phase transitions down
o 5 K temperature (Fig. S7b, ESIt). The overall dielectrie
response is similar to that of the related [EA],NaFe(HCOO),
compound,™

We analysed the dielectric anomaly using the Curie-Weiss
law &' = C/T — T,), where C is the Curie-Weiss constant and
Te denotes the phase transition temperature.” 1t follows from
this equation that 1/%" should linearly depend on temperature,
which is indeed observed in our dielectric data {see insct in
Fig. 4a). The values of the determined Curie-Weiss constants in
the ordered and disordered phases are 101 K and 195 K,
respectively. Both values are close to the value of the transition
temperature confirming the order-disorder nature of the
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Fig. 4 Temperature dependence of the (a} real and [b) Imaginary parts of
the complex deelectric permittivity of a single crystal sample of 1 cbtained
at setected frequencies, The inset in {al shows the 1/¢' vs. temperature plol.
where the linear fits (sobd lines| correspond to the Curie-Welss fits above
and beilow the phase transition point

transition.” In addition, the ratio of the Curie-Weiss constants
QT > TNOT < Te) is very close to 2 indicating a second-order
{continuous) phase transition in agreement with the DSC and
SHG results.™

Pyrocurrent and polarization measurements

The temperature-dependent pyrocurrent density of a pellet
sample of 1 obtained after the background correction (see
Fig. S8, ESI) is presented in Fig. 5a. A clear maximum at the
phase transition point can be observed, which indicates the
pyroclectric nature of the compound. The corresponding elec-
tric polarization is also presented in Fig. 5a showing a typical
behaviour at the phase transition point observed in other
formate-based hybrid perovskites.™ !

The pyrocurrent response shows that the studied system is
pyroelectric, but it is not sufficient to prove the ferroelectric
behavicur, A ferroelectric compound should exhibit a ferro-
electric hysteresis loop, i.e. switching of the electric polarization
with the external electric field.™ The obtained electric field
dependent polarization of a pellet sample of 1 at 296 and 360 K
is presented in Fig. 5b showing typical ‘banana’ loops of a
slightly conducting compound” and the absence of ferroelec-
tric switching. This indicates that the studied compound is not
ferroelectric or that the moderate amplitude of the driving field
(22 kV em ") is insufficient to switch the polarization.

EPR

We further employed CW and pulsed EPR spectroscopy on the
sample doped with a small amount of paramagnetic Fe'' jons
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to further probe the phase transition and dynamic properties of
[EALNaGa(HCOO),. The measured EDFS (10 K) and CW EPR
spectra a sample of 3 show a typical powder pattern of high-
spin Fe'' fons"" (Fig. 6a). The Fe'' centre has 3d” electronic
configuration and, in the high-spin state, it has five unpaired
electrons leading to the total electron spin of § = 5/2. In a non-
cubic environment, this ion is expected to have a substantial
zero-field splitting providing a complicated fine structure
pattern observed in the measured spectra of 3.

The temperature dependence of the CW EPR linewidth of
Fe'' centres in 3 is presented in Fig. 6b. Upon temperature
increase in the low-temperature phase, the linewidth exhibits
a significant broadening and peaks at 377 K indicating the
structural phase transition in agreement with other methods,
Similar behaviour of the EPR linewidth was observed in a
number of different systems (including hybrid perovskites)
exhibiting ferroelectric and related structural phase transitions,
and it was assigned to the critical dynamics of the order
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Fig. 6 (a) EDFS (10 K} and CW (200, 270, and 400 K} EPR spectra of the

Fe** centres in 3. ib) Temperature dependence of the CW EPR linewidth

{at 70 mT) of the Fe*' centres in 3 indicating the phase transition at 377 K

larrow). Inset in (B) shows the Arrhersus-type temperature dependence of
the EPR linewidth. Error bars in ) are about the size of the data points
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parameter fluctuations."*™ The measured anomaly also indi-
cates that the Fe'” ions arc susceptible to the local changes
of the [EAL,NaGa[HCOO)], lattice occurring during the phase
transition, which confirms the successful incorporation of
these ions in this material.

We analysed the temperature dependence of the CW EPR
linewidth in the low-temperature phase in more detail assum-
ing that the broadening process follows the Arrhenius law:
I — Iy =T,.¢®™7 Here, E, is the activation energy of a
dynamic process, k is the Boltzmann constant, and {7, and 1,
denote the linewidth in the low and high temperature limits,
respectively, Using [, = 1.2 mT (low temperature limit), our
analysis provides £, = 204(12) meV (see the inset in Fig. 6b),
which is in the range of typical values for molecular cation
motion observed in different hybrid perovskites such as
[DMAJZn{HCOO), (266 meV]" and MAPDI, (80 meV)."” Thus,
the broadening of the Fe*' signal with increasing temperature
may be related to the enhanced EA” cation motion, as it directly
couples to the inorganic framework via the H-bonds.

We used pulsed EPR spectroscopy to further investigate the
local Fe'" fon environment in 3. The magnetic field dependence
of the three-pulse ESEEM spectrum in the low-frequency region
is presented in Fig. 7 revealing a well-resolved peak with
frequency linearly dependent on the magnetic field. Such a
signal belongs to a nucleus with non-zero nuclear spin in close
vicinity of the Fe'' centre. The slope of the signal occurring
corresponds to the gyromagnetic ratio of “*Na nucleus. “"We
have not detected any ESEEM signals from *’Ga and "'Ga
isotopes indicating that Ga®* ions are significantly more distant
than Na’ from the iron impurity. Based on the crystal structure
of 1, these results confirm that Fe'' substitutes Ga'' in the
lattice and forms FeQ,, octahedra,

.lNa

('n ‘qe) ﬁ-wa1U|

Magnetic field (mT)

Fraquency (MHz)

Fig. 7 Colour plot of the three-pulse ESEEM spectrum vs. magnetic fleld
of 3 obtained at 10 K and r « 130 e The field-dependent signal of “*Na is
ndicated in the plot. The held-independent signal at about 0.6 M2 (s
assgned to methyl group quantum rotational tunnelling of the EA” cation
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Fig. 7 also shows a couple of ESEEM signals below 1 MHz,
which are independent of the magneric field. The origin of the
weaker signal at about 0.61 MHz can be assigned to the
guantum rotational tunneling of methyl groups of the EA
molecular cation. Note that such a field-independent ESEEM
effect has recently been observed in Mn- and Co-doped
[DMA]Zn(HCO0);, """ and Mn-doped [DMA]CA(N;);™ hybrid
perovskites, as well as nitroxide radicals.™ The current work
provides the firse signatures of this effect detected with a
paramagnetic Fe'' centre. The stronger signal occurring at
much lower frequency of 0.1 MHz may originate from the
NH; group tunneling, as, due to the stronger H-bonds, these
groups are expected to have a higher rotational barrier (lower
tunneling frequency) compared to the CH; groups. Note that we
also cannot rule out that the origin of this low frequency signal
is imperfect background correction of the time-domain ESEEM
data. The EPR measurements of the samples containing par-
tially deuterated EA' cations are needed to unambiguously
determine the origin of these field-independent signals,

The frequency at which the tunnelling signal appears can be
used to estimate the rotation barrier of the CH, and NH,
groups in [EA],NaGa(HCOO), by diagonalizing the rotational
Hamiltonian on the basis of the free quantum rotor.™ The
obtained barrier for the CH, group is 12.1 k] mol %, which is
similar in value to the energies obtained for methyl group
rotation in DMA-containing hybrid perovskites.”™" Assuming
that the low-frequency signal originates from the NH; groups, a
rough estimate for the NH; group rotational barrier gives
~18 k] mol ', In the calculations, we used rotational constants
B(CH,) = 0.655 meV and B{NH;) = 0.782 meV.™

Phonon properties

We further used vibrational spectroscopy to study the phonon
properties of [EA],NaGa(HCOO),,. Fig. 59 (ESIt) compares the
Raman spectra of 1 and 2 obtained at room temperature, Table 85
(ESI) includes Raman band assignment based on published data
for [EA],NaM™(HCOO), (M™ = A", €r", and Fe'" )" Because
the doping level of Ga® in 2 is as low as 6.9 mol%, the Raman
spectrum is roughly comparable to that reported earlier for the
pure [EALNaCr{HCOO), compound.™

When Cr'" ions are replaced with Ga'’ ions, a number of
bands move duc to differences in weights and electronegativity;
gallium ions are approximately 34% heavier at almost the same
ionic radius, and Ga-0O bonds are more ionic than Cr-O bonds.
The most significant change among internal vibrations is
5 em*, whereas the highest shift among the lattice modes
involving M" translations is up to 12 cm ',

IR spectra were obtained as a function of temperature o
better understand the mechanism of the PI' occurring in 1
(see Fig. 8 and Fig. 510, ESIt), The assignments of IR bands at
#0 and 400 K are summarized in Table §6 (ESIT). As shown by
the results, the number of observed bands at 80 K is signifi-
cantly higher than those at room temperature and at tempera-
tures corresponding to the HT phase (above 380 K). Since for
both phases, the space group symmetry of the cell does not
vary, the number of expected phonon modes for the crystal 1
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also remains the same, Thus, the large number of bands at low
temperatures can only be attributable to strong narrowing and
better separation of closely laid bands, Such narrowing is a
common effect observed for order-disorder transformations,
and it confirms the nature of the observed PT.”*™

Fig. 8a and d present the temperature evolution of bands
corresponding to bending modes of NH, groups that coincide
with antisymmetric OCO stretching. In the HT phase, all bands
in this range merge into a very broad contour. The map
presented in Fig. 8d exhibits that the intensity decreases
quicker above the PT temperature. The disorder of HBs in the
HT phase also contributes to the severe halfavidth of the bands.
Similar substantial broadening is also observed for IR bands
in the 1250-1400 em ' range, which correspond to alkyl chain
bending modes and formate ligand  stretching vibrations.,
(Fig. 8b).

Fig. 8¢ and f present the thermal evolution of bands that
result from the OCO bending vibrations. Fig. S11a (ESIT)
depicts the fitting of those bands. The abrupt shifts and the
disappearance of bands in the HT phase are caused by the
fitting procedure, in which the usage of the same number of
bands in both phases fails to produce satisfactory results.
Nonetheless, significant shifts in maxima and differences in
the intensity of band contours imply a more deformed metal-
formate framework in the LT phase,

The structural, thermal, dielectric, and EPR data demon-
strate that the spectral changes are continuous (Fig. 8 and
Fig. $10 and $11, ESIT). As a result, cation ordering does not
occur abruptly but rather is a gradual process that still oceurs
below the PT temperature, This behavior can be demonstrated
by thermal changes in bands corresponding to rocking modes
of protonated amine groups and alkyl chain vibrations
(Fig. S11b, ESIt), They remain quite broad (Fig. St1c, ESI?) at
the PT temperature, and their narrowing upon cooling is still
observed down to 80 K. The corresponding intensity changes
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are also continuous over the entire range of measured tem-
peratures (Fig. S11d, ESIF).

Optical properties

Finally, we investigated the optical properties of [EA];NaGa(H-
COO),. Fig. S12 (ESIt) presents the absorption spectra of
crystals of 1 and 2. As can be seen, the spectrum of the sample
containing Cr'" ions consists of two broad bands centered at
around 17265 em ' (579 nm) and 24035 em ' (416 nm)
attributed to spin-allowed ‘A, — *T,, and 'A,, — T, transi-
tions, respectively. The low intense and narrow band localized
at 14571 em ' (686 nm) is characteristic of the &, line of the
spin-forbidden ‘A, — *T., transition. The sample of 1 does not
contain any absorption bands in the given range.

Using the diffuse reflectance spectrum, it is possible to
determine the energy band gap (£} of investigated samples
by applying the Kubelka-Munk relation.” The E, for 1 equals
5.04 ¢V and is comparable with the band gap (5.09 ¢V) of
the recently reported [EALNaAl(HCOO), (Fig. §13, ESt#).*
The analogue comprising Cr'* ions 2 has a much lower £, of
4.71 ¢V. The decreasing energy band gap with increasing
concentrations of Cr'* has been reported lately for similar
compounds.””**

In sample 2, Cr'’ ions are positioned in the octahedral sites.
The low-temperature (80 K) emission spectrum contains a few
sharp and narrow bands that span from 679 nm to 778 nm
(Fig. S14, ESI?), The most intense line centered at 686 nm
(14577 em ') is attributed to the spin-forbidden E, — *A;,
transition and is called the R line,*****" The band localized at
697 nm (14 337 em ') belongs to the N line and can be assigned
to the Cr'"=Cr’" pair line."™™*™ Moreover, some anti-Stokes
phonon side bands of the R line are visible in the range of 707-
778 nm.*" Similar behavior has been reported recently for other
formate analogues with Cr'* jons.”™"™* Careful analysis shows
a less intense and wide emission band extending up to
1000 nm, which can be attributed to the spin-allowed
Ty, ~+ ‘A transition (Fig. S14, ESH).

Based on the absorption and emission spectra, the crystal
field (Dy) and Racah parameters (8 and C) were calculated
according to the previously applied methodology.*"*** The
calculated values are presented in Table 1. The ratio of D, /B =
2.35 indicates that Cr'* ions are positioned in a strong crystal
field. This value is very close to the 2.3 point on the Tanabe-
Sugano diagram for the d” configuration, where the “E, and
I,y levels overlap and separate the areas of D8 < 2.3 and
Dy/B > 2.3 corresponding to weak and strong crystal fields,
respectively. The obtained values as well as the experimental
data show that the “E; energy level is located below the *T,,
state (Fig. 9a and b), and the energy separation between these

Table 1 Energy band gap and crystal field parameters of the investigated
formate perovskotes

Sample E, (eV) Dy/i Bem 7) Clem ') (o]
1 5.0 - - - -
2 471 235 689 3157 1.6

L Marer Chemn. C

View Article Online

Journal of Materials Chemistry C

O - B W s

Intensity (a u =10%)

£

£z

Warvelength (am) _
E &

BT T

Termperature (K)

-
-
O
.~
.
.
.

gad
-
-

L™ . n, .
® Ta='An '-.."::
100 150 0 2% 0
Temperature (K)
Fig. 9 [al Temperature-dependent emssion spectra of 2, (b) thermal
evolution of the measured mtenaity at various temperatures, (c] inteorated
emission intensity of the spin-forbldden and spin-allowed transaions, and
{d) the schematic energy leved duagram of Cr'* ions.

Integrated intensaty (%)
&
H
-
-
.

two levels is not large. It was mentioned that even at 80 K,
residual emission from the *T,, level is visible and becomes
stronger upon heating. Carcful analysis showed that the inten-
sity of the spin-forbidden transition decreases significantly
with rising temperature, while the broad emission associated
with the 'T,, — *A,; transition becomes stronger up to 190 K
(Fig. 9a-c}. This phenomenon is related to the temperature-
stimulated energy transfer from the lower “Eg level to the ‘T,
higher state. Above 190 K, the regular temperature quenching
process oceurs via the intercrossing of the T, excited state
with the ‘A, ground state parabolas (Fig. 9d).

The significant changes in the emission intensity of both
spin-forbidden and spin-allowed transitions can be an attractive
feature for luminescence thermometry applications. Recently, the
potential  of hybrid organic-inorganic  compounds  with a
perovskite-type architecture containing Cr'* jons for temperature
detection based on the fluorescence intensity ratio (FIR) of two
emission bands was reported.”’™* In the investigated Cr''-doped
perovskite, FIR parameter 4 can be defined as a ratio of the “E;
*Asg (660-718 nm) to the *Tyy — *A; (718-970 nm) (Fig. $15, ESTT)
transitions of the Cr'” jons. It is not surprising that FIR decreases
with an increase in temperature (Fig. $16, ESIt) To further
compare the luminescence thermometry performance, the abso-
lute (S,) and relative (S,) sensitivities, as well as the temperature
uncertainty (67 were calculated as follows: S, = [CARTY, S, = 1/4|
04/2T|, and 87 = 1/8,|64/4|, where @4 symbolizes the changes of
A at @7 temperature change.

The fluorescence intensity ratio curve was fitted using the
following equation: AT = A/(1 + xexp(-AE/k,T) (Fig. S15, ESIf).

This joumal is © The Roya! Society of Chemvstry 2024
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Fig. 10 [a] The absolute sensitivity (S.) and (b) relatwe sensitivity |S,) of
optical thermometer 2. The temperature uncertanty (7] is presented on
the graph () as error bars

Table 2 Compansen of the highest relative sensitivity (S,) at operating
temperature {7} of selected luminescant thermometers

Compound S, (%KM T(K) Ref.
Coordination polymers

[EALNaCr, 2, AL, - HCOO), 2,84 160 27
2 211 150
GAMg(HCOO),:1% Cr"' 2.08 90 62
GAMN(HCOO),:3% Cr'* 1.20 100 62
[GATZN(HCOO): 1% Cr'' 1.08 90 62
Inorganic compounds

ZnGa,0,Cr"' 2.8 310 65
La Mgli0Cr, v 1.96 165 66
La; My iOgCr'’, Ma'” 1.74 220 67
s:,Mw,zog,Cr" 1.7 310 68
Bi,ALOG:Cr 1.24 290 69
MgTi0,;:Mn "' 1.2 93 70
SrAl O Mn* 0.27 393 71

The temperature dependencies of S, and S, are presented in
Fig. 10, First, upon heating, the sensitivity increases with
temperature and reaches the maximum 8, value of 2.11% K '
at 150 K (Fig. 10b}. Then capability of temperature readout
decreases as the temperature increases. However, the sensitiv-
ity above 0.5% K ' can be achieved in the broad temperature
range from 90 to 280 K. The sensitivity of perovskite 2 is
comparable with the S, parameter obtained for other formate
analogues with the EA” and GA' cations.”™™ The summary of
the S, parameters of various luminescent thermometers is
shown in Table 2.

The thermometric performance of the Cr*'-based materials
might also be extended by combining the presented approach
with the SHG signal, Such a strategy of temperature sensing has
been successfully used for lanthanide-based nanoparticies and
MOFs.""™ However, due to the overlap of the SHG excitation
wavelength with Cr*' emission bands, this particular method
has not been applied in this study.

Conclusions

A solvothermal method has been employed to successfully
synthesize a novel double perovskite [CH,CH,;NH,]|;NaGa(H-
COO)J,.. Our multitechnique characterization approach revealed
that this compound exhibits a phase transition at about 379 K.

This journal 12 © The Rayal Society of Cnemistry 2024
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We also synthesized its analogues doped with approximately
0.1 mol% Fe'” ions to study the effects of phase transition on
the metal-formate framework and those doped with roughly
93.1 mol% Cr'" to estimate the usefulness for non-contact
temperature sensing. The powder X-ray diffraction, Raman
and EPR studies confirmed the phase purity and that the
dopant ions are located ar expected sites in the crystal
structure.

The single-crystal X-ray diffraction studies of [CH,CH,NH,],-
NaGa[HCOQ),, revealed that the high-temperature phase com-
prises disordered EA' cations in two different positions. Below
the phase transition temperature, they start 1o order, resulting
in & maodification of the H-bond network and deformation of
the metal-formate framework. According to the XRD results,
both phases are represented by a non-centrosymmetric and
polar Pr monoclinic space group. Such an isosymmetric order—
disorder polar phase transition is extremely unusual among
formates. The SHG measurement confirmed the continuous
character of the transition and the acentric nature of both phases.

The dielectric spectroscopy experiments revealed that the
phase transition is of the order-disorder character. The pyro-
current and electric polarization loop measurements demon-
strated that [CH,CH,NH;],NaGa[HCOO], is pyroclectrie, but
not a proper ferroelectric, as we did not observe polarization
switching (pelarization hysteresis), We note that such a beha-
vior is rather typical for formate-based perovskites,

We also employed EPR spectroscopy to probe the phase
transition and dynamic effects in [CH CH.NH,|.NaGa(HCOO),
enriched with a tiny amount of paramagnetic Fe*' ions. Our
CW EPR experiments confirmed the continuous character of
the phase transition and allowed us to probe the dynamics of
the inorganic framework. The pulsed EPR ESEEM experiments
confirmed that the iron ions were successfully incorporated at
the Ga™' sites in the lattice, We also observed ESEEM signals
independent of the magnetic field, which were assigned to
the quantum rotational tunneling dynamics of the CH, and
NH; groups of the EA" cation. This allowed us to estimate
the rotational barriers of these rotors in [CH.CH,NH,};NaGa-
(HCOO),.

IR investigations confirmed the nature of the observed
phase transition and helped to clarify that the EA' cation
ordering does not occur abruptly but rather is a gradual process
that still occurs below the phase transition temperature. The
narrowing of IR bands corresponding to vibrations of atoms
involved in H-bonding demonstrated that there is sdll some
degree of disorder at 80 K.

The linear optical results revealed that [CH;CH,NH,|;Na-
Ga(HCOO),, has a wide bandgap of 5.04 eV, The analogue,
composed mainly of Cr'" ions, exhibited a substantially lower
bandgap value of 471 eV, The estimated Racah parameters
showed that Cr'" jons are positioned in a strong crystal field,
which was applied to evaluate the utility of the Cr-doped
material for non-contact temperature monitoring. Based on
the temperature-dependent luminescence, the maximum rela-
tive sensitivity (2.11% K ') was reached at 150 K, and this value
is comparable to other hybrid and inorganic materials.

J Mater, Chem. ©
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Fig. S2. The DSC curve recorded for (1), [CH;CH:NH:,NaGa(HCOO),,
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Fig. S3. Asymmetric part of unit cell for (1), [CH,CH,NH,],;NaGa{HCOO),, at (&) 293 K and (b) 391 K. Displacement
ellipsoids are drawn at the 50% probability level.

() (b)

Fig. S4. Packing diagrams along the b axis for (1), [CH,CH,;NH,];NaGa(HCOQ),, at (a) 293 K and (b) 391 K. Displacement
ellipsoids are drawn ot the 50% probability level.
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Fig. S5. SHG traces collected for (1) during (a) heating run, and {b) cooling run,
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Fig. S6. Overlay of SHG traces obtained for (1) and KDP. Note that signal collection times were 6000 ms and 500 ms for (1)
and KDP, respectively. Relative SHG efficiency of (1) is about 0,01 that of KDP.
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Fig. §7. Temperature dependence of the complex diclectric permittivity of pellet sample (1), [CH,CH,NH; [,NaGa(HCOO),,
measured at | MHz above (a) and below RT (b). A clear phase transition anomaly can be observed at 380 K (a).
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Fig. S8. Temperature dependence of the thermally stimulated current of the pellet sample (1), [CH;CH:NH;|[:NaGa(HCOO),,
prior the background correction. The red curve indicates the background correction employed to extract the pyrocurrent due
to the phase transition.
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Fig. §9. Comparison of RT Raman spectra of (1), [CH:CH2NH;:NaGa(HCOO); and (2),
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Fig. S11, Thermal evolution of selected IR bands for (1), [CH;CH:NH;:NaGa(HCOO)j,
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Fig. S12. Room temperature absorption spectra of (1), [CH:CH:NH;[:2NaGa(HCOQ), and (2),
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Fig. S13. Energy band gap of investigated samples estimated by x-axis intersection point of the linear fit of the Taue plot
Using the diffuse reflectance spectrum, it is possible to determine the energy band gap (E,) of investigated samples by applying
the Kubelka-Munk relation (Z. Technol. Phys. 1931, 12, 593-599): F(R) = (1 — R) / 2R, where R 15 reflectance. The
modification of this method proposed by Tauc i 1966 (Status Solidi B 1966, 15, 627-637) assumed that the £, can be

n
determined based on the graphical examination of the following function: [F(R hv)" = B(hv- 59), where i denotes the
Planck constant, v is the photon's frequency, and 8 is & constant. The n factor is related to the type of electron transition and
takes a 1/2 or 2 value for the direct and indirect transition band gaps, respectively (J, Sol-Gel Sci. Technol, 2012, 61, 1-7, ./,
Phys. Chem. Lett. 2018, 9, 23, 6814-6817).
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Fig. S14. The low-temperature (30 K) emission spectrum of (2), [EA]NaCry o5, Gay pa( HCOO),, in the inset magnification of
the spectrum, shows the broad emission from the *T,, emission level.
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Tab. S1. Experimental data for (1), [CH,CH,NH;},NaGa(HCOO),, at 293 and 391 K.

Crystal data
Chemical formula (CyHNH ),GaNa{HCOO), (1)
M, 455.00
Crystal system, space group Monoclinic, Pn
Temperature (K) 293(2) 391(2)
a, b, c(A) 8.1127(5),9.2570 (6), 12.0281  K.1080 (6), 9.3326 (7), 12.0697
(8) (10)
u, By (%) 90.000 (0), 91(.3)84 (5), 90.000 90,000, 90.940 (7). 90,000
V(AY) 903,14 (10) 913,18 (12)
¥ 4 2
Radiation type Mo Ka
u(mm’) 1.61 1.59
Crystal size (mm) 0.30x020x0.10
Data collection

No. of measured, independent and
observed |/ > 2a([)| reflections

6130, 3505, 3362

4249, 2831, 2678

Risi 0.019 0.025
(sin 0/)g (A1) 0.651 0.617
Refinement
RIF? > 26 (F*)}, wR(F*), § 0.023, 0.056, 1.05 0.034, 0.083, 1.08
No. of reflections 3505 2831
No. of parameters 241 292
APn AP (€ A7) 0.29,-0.27 0.34,-0.37

Tab, S2. Comparison of thermal and structural parameters for [EA],NaM"™(HCOO), double perovskites.

pu Te(K) AS (Jmol 'K a (deg’)© Ax 1000
- L NaO, MO, NaO, MO,
Ga¥ 379376 3.7 17.045/12.06  1.77¢/143"  196/231 040¢/027
(l) I I |
APS 369/364 2.0 18.03¢/7.99%  091¢/047% 1.82¢/196 037¢/025
h h
cr* 373370 4.0 1494'/733)  116'/073)  1.88'/219 020'/009
) |
Fe*  361/359 5.0 12.841/506%  1,50'/065* 1L720/192 033'/0.16
k k

“ heating/cooling; * estimated for the [EALNaM™(HCOO), (Z = 2) formula; © bond angle variance for HT/LT phase; ¢
distortion index for HT/LT phase; © 293 K; 7391 K; # 270 K; " 375 K ' 297 K; ' 400 K; * 377 K. Literature data for M'"' = A",
Cr'', and Fe'' were taken from: 10.1039/C6CP0OS151IK and 10.1039/CSDT04536C. The bond angle variance and distortion
indexes were caleulated using Vesta software (10,1 107/S0021889808012016).
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Tab. $3. Selected geometric parameters (A, °) for (1), [CH,CH,NH,|;NaGa(HCOO),, at 293 and 391 K.
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(810 B &)
O12-—Nal*
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04" —Nal—012
06 —Nal—010~

1.966 (4)
1.964 (2)
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2437(5)
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2441 (5)
2.385 (4)
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1,268 (5)
2,526 (3)
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1.256 (5)
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0.9300
0.9300
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C6—011—Gal
C6—012—Nal*
01—Cl1—HI
02—C1—-01
02—C1—HI
03—C2—H2
04—-C2—-03

04 C2-H2
Gal—O1—C1—02
Gal—03—C2—04
Gal—05—C3—06
Gal—07—C4—08
Gal—09—C5—-010

Gal—0O11—-C6—-012

MK
Gal—Ol1
Gal—03
Gal—O35
Gal—07
Gal—09
Gal—0l1
Nal-—Q2vii
Nal—O4vi
Nal—O06"
Nal—O8
Nal—O10~
Nal—Qj12"
01—C1
02—Nal™
02-C1
032
O4—Nal®
04—C2
05—-C3
O6—Nal'
06—C3
07—C4

90.64 (14)
91.58(15)
174.61 (15)
92.79(16)
95.85 (15)
8348 (11)
178.80 (19)
127.3 (4)
117.3 (4)
128.3(3)
123.5(3)
126.0 (4)
119.7(3)
124.6 (3)
130.5 (3)
127.2(3)
120.0 (3)
127.6(3)
1201 (3)
117.9
124.2(6)
117.9
1174
125.1 (4)
117.4
169.6 (4)
-179.2(3)
~178.8 (3)
179.2(3)
178.9 (3)
177.5(3)

1.967 (10)
1,977 (5)
1.968 (9)
1.977(5)
1.984 (5)
1.981 (6)
2.436(15)
2386 (11)
2.439(15)
2.435(12)
2.547 (8)
2,558 (8)
1,259 (18)
2.436(15)
1.237(19)
1.291(11)
2386 (11)
1.200(11)
1.270 (18)
2.439(15)
1.208(19)
1.260 (10)

C8--C7--H7B
C7—C8—HSA
C7—C8—H8B
C7—C8—HSBC
H8A—C8—HSB
H8A—C8—HRC
H8B--C8-—HB8C
H2A-—N2—H2B
H2A—N2—H2C
H2B—N2—H2C
C9—N2—H2A
C9—N2—H2B
C9—N2—H2C
N2—C9—HYA
N2—C9—H9B
H9A-—CY9-—HIB
Cl10—-C9-—-N2
Cl0—C9—H9A
Cl10—C9—H9B
CY9-—C10-—HI0A
CY9—C10—H10B
CO—C10—HI10C
HI0A—C10—H10B
HI10A—C10—H10C
HIOB-—C10-—HI10C
Nalv"—02—C1—01
Nalv—04—C2—03
Nal""—06—C3—05
Nal—O8—C4—07
Nal*—O010—C5—09
Nal*—012—-C6—0l1

NIA—CTA
CTA—HTAA
C7A—HTAB
CTA—CBA
CSA—HSAA
CSA-—HEAB
CBA-—HRAC
N2ZA—H2AA
N2A—H2AB
N2ZA—H2AC
N2A—C9A
CYA—HOAA
CI9A—H9AB
CIA—CI0A
CIOA—HI0A
Cl0A-—HI10B
CI0A—H10C
N1B—HIBA
NIB—HIBB
NIB—HIBC
NIB-C7B
C7B—H7BA

109.4
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.3
109.3
107.9
117 (5)
109.3
109.3
109.5
109.5
109.5
109.5
109.5
109.5
177.7 (4)
~179.8 (3)
179.5(3)
-165.7 (3)
172.5(3)
~170.9 (3)

1.47(8)
0.9700
0.9700
116 (5)
0.9600
0.9600
0.9600
0.8900
0.8900
0.8900
1.49(3)
0.9700
0.9700
1.56(2)
0.9600
0.9600
0.9600
0.8900
0.8900
0.8900
1.53 (6)
0.9700

117
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O8--C4
09--C5
Ol0—Nal*
010—C5
O11—C6
O12—Nal"™
012 Ca
Cl-—HI
C2—H2
C3—H3
C4--H4
C5—H5
C6H—H6
NIA—HIAA
NIA—HIAB
NIA~HIAC
O1—Gal—O03
01—Gal—05
O1—Gal—07
Ol—Gal—09
Ol —Gal—011
03— Gal-—09
03 -Gal 011
05—Gal—03
O5—Gal—07
05—Gal—09
05—Gal—011
O7—Gal—03
O7—Gal—09
O7—Gal—0Ol1
Oll—Gal—09

02 Nal—06"
02" —Nal—O010*
02 —Nal—012+
04— Nal—O2"
04" Nal—06"

O4™—Nal—O8

O4"—Nal—O010
04" —Nal—012*
06" Nal—O10*

06" Nal 012~

O8—Nagl—02=
O8—Nal—06+

O%—Nal—O1(#
O8—Nal—012%

O1F—Nal—012"

Cl—O01—Gal
Cl1—O2—Nal"
C2--03-Gal
C2--04Nali
C3—05—Gal
C3—06—Nal'
C4—07—Gal
C4—08—Nal

1.217(11)
1.272(11)
2.547(8)
1.222(11)
1.263 (10)
2.558(8)
1.226 (10)
0.9300
0.9300
0.9300
0,9300
0.9300
09300
0.8900
0.8900
0.8900
90.3(3)
178.5(5)
R0.4(3)
89.0(3)
91.3(%
88.8(2)
91.8(2)
2843
91.9(3)
90.3(3)
R0.4(3)
179.2(3)
90.5(2)
R9.0(3)
1793 (3)
175.6(4)
R5.6(4)
94.8(4)
91.54)
91.2(5)
176.2(5)
Y58 (4)
84.4(2)
90.6 (3)
89.0 (4)
87.0(5)
Q0.6 (4)
87.6(2)
92.3(4)
179.6 (6)
126.3 (10)
118.9(9)
126.2(5)
130.4(7)
127.4(9)
119.3(9)
127.8(6)
1259(6)

C7B - H7BB
C7B--C8B

C8B—HSBA
C§B-—HS8BB
CEB—HSBC
N2B—H2BA
N2B - H2BB
N2B--H2BC
N2B—C98

CYB-—HIBA
C98 ~HYBB
C9B—C10B
ClOB—H10D
ClOB—HI0E
ClOB—HI0F

NIA—CTA—HT7AA
NIA—CT7A—H7AB
HTAA—CTA—HTAB
C8A—CTA—NIA
C8A—C7A—HTAA
C8A—C7A—HTAB
CTA-—CBA-HRAA
CTA—CSA—HRAB
CTA—C8A—HRAC
HRAA—CSA—HSAB
HEAA —CRA—HRAC
HSAB—CBA—HSAC
H2ZAA—N2A—H2AB
H2AA—N2A—H2AC
H2ZAB--N2A-—-H2AC
CI9A--N2A--H2AA
CYA—N2A—H2AB
C9A—N2A—H2AC
NZA—C9A—H9AA
N2ZA—C9A—H9AB
N2A—C9A—CI0A
HOAA—C9A—H9AB
CIOA—CO9A—H9AA
CIOA-—C9A-—~HY9AB
CYA-CI0A--HIOA
CY9A—CI0A—HI10B
CYA—CI0A—HI0C
H10A—CI10A—H10B
H10A—C10A—H10C
H10B—C10A—HI10C
HIBA—NIB—HIBB
HIBA—NIB—HIBC
HIBB--NIB-HIBC
C7B~NIB-—~HIBA
C7B—NIB—HIBB
C7B—NIB—HIBC
NIB—C7B—H7BA
NIB—C78B—H7BB

0.9700
1.64 (3)
0.9600
0.9600
0.9600
0.8900
0.8900
0.8900
1.37 (5)
0.9700
0.9700
1.38 (4)
0.9600
0.9600
0.9600

103.2
103.2
105.2
136 (5)
103.2
103.2
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
1102
1102
107.4(15)
108.5
110.2
110.2
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
114
14



C5-0%Gal I28.5 (6) NIBCTB-CEB 102 (2)

C5—000—Mal® 120.1 () HTBA—CT7B—HTBB 1093
Co—0] | —ral L3 T(3) CEB—UT7TB—HTBA 1114
Ci—O02—Nal™ 1199 (6) CER—CTH—HTHB 1114
O1—C1—H1 117.8 CTB—CRB—HARBA 1095
02— Cl—01 124.4(14) CTB—CEB—HEBB 1005
02 Cl-HI 117.8 CTB-CER- HEBC 105
03— (2—H2 117.4 HEBA—CRB—HRBB 109.5
Od—(2—03 125.219) HEBA—CSB—HRBC 1095
04—(2—H2 117.4 HEBB—C8B—HERC 104,5
05 (3 -H3 117.5 H2ZBA-—N2B—H2BB 1045
O6—(3—05 125.14{13) H2ZBA—N2B—H2BLC 1045
O6—C3—H3 117.5 HIBB—N2B—H2BC [0 5
O7T—C4—H4 117.4 CIB—MNIE—HIEA 10m.5
O3 —(C4—07 1251 (8) C9B—MN2B—H2BB 1095
0% (4 H4 117.4 C9B—NZB-—HZBC 1095
09—(C5—H3 1169 NIB—C9B—HYBA 108, 1
O 05— 126.2(9) MNIB—C9B—HYBBE 108.1
O10—C5—HS 116.9 NIB—CO9R—CI0R 1174(3)
o1 Ch—Hb 117.1 HYBA-—C9B-—HYHB 107.3
012—C6—011 125.9(K) Cl10B—CY9B—HYBA 108, 1
01 2—Ch—Hb 117.1 Cl0B—C98—HYRR 108, 1
HiaA—NIA—HIAB 1095 CIB—CIIB—HIOD 1.5
HlAA—MNIA—HIAC 109.5 C9B—CIOB—HIOE 1095
HIAB—NIA—HIAC 1095 CO9B—CIOR—HIOF 1085
CTA—MNIA—-HIAA 1095 HIND—CI0B-—HIOE 1005
CTA—MIA—HIAR 195 HIOD—C10B—HI0F 1005
CTA—NIA—HIAC 1F.5 HIOE—CI0B—HI0F 1095
Gal—01—C1—02 172.5(8) Malii 02 —C1—01 178,207
Gal —03—C2—0d 179.24(7) Mal' 04— C2—03 =171.2(T)
Gal—05—C3—0n =1 T6.6(8) Mol 305 =179.5(T)
Gal —07—C4—05 1T76.6(7) Nal—O8—C4—07 1TR.1(7)
Cral —O8—C5—0]0 —1795 (k) Mal*—O10—C5—09 173.34(7)
Gal—O 0 1—C6—012 178,147 Mal®—012—C6—011 =175.0(8)

Symmetry code(s): (i) x—1/2, =1, 2= 12 (i) a1, a1, = (i) x—- 172, =1, 2+ 1020 (v x, p+, 2 (v e—1, v, 2 (vi e+ 102,
il ot L2 (viid ot Lov= 1, oo (viiddh oe 102, =t L o= 1020 (i) o v L o ekl v, 2
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Tab. S4, Selected hydrogen-bond parameters for (1), [CH;CH,NH,|,NaGa(HCOO),, at 293 and 391 K.

D—HA D—H(A) H--4 (A) DA (A) D—HA(%
293K

C2—H20§ 0,93 255 3.041 (5) 113.0
C4-—H4 0l 0.93 249 2953 (6) 110.7
NI—HIAOT 0.89 2.09 2974 (4) 176.0
N1—HIA 08 0.89 2.55 3,158 (5) 1259
NI—HIB--012¢ 0.89 1.9% 2,865 (5) 170.6
NI—HIC-02 0.89 2,01 2.869 (5) 162.5
C7—H7A--O8 097 253 3.056 (6) 113.8
N2—H2A010 0.89 1.99 2,865 (4) 167.7
N2 H2B-- 03 0.89 2.13 2.971(4) 156.4
N2 H2B: 04" 0.89 245 3.209(5) 144.0
N2—H2C-- 05" 0.89 258 3277(5) 135.7
N2—H2C-- 06" 0.89 213 2.967 (5) 155.7
C9—HYB--09 0.97 2.52 3,189 (6) 1264
WK

C2—H201 0.93 249 2.970(13) 1122
C4—H4-05 093 2.57 3.031(12) 111.4
NIA—HIAA-OI120 0.89 207 2.88(9) 150.4
NIA—HIAB-02 0.89 197 2.85(8) 166.7
NIA—HIAC: 03" 0.89 218 3.02(8) 157.7
NIA—HIAC: 04" 0.89 248 325(7) 145.1
CTA—HTAB---O11" 0.97 241 3.15(4) 132.9
N2A—H2AA---O7" 0.89 229 3112 152.8
N2A—H2AA- 08" 0.89 252 3.31(2) 148.3
N2A—H2AB: 05" 0.89 257 3.28(3) 137.3
N2A—H2AB: 06" 0.89 220 3.00 (3) 149.7
N2A—H2AC-010 0.89 1.86 2.74(2) 168.1
C9A—HYAA 09 097 2.39 3.127(16) 132.5
Cl10A—HI0A-O11% 0.96 2.64 3.442(18) 141.1
NIB—HIBA--0]2¢ 0.89 2.00 2.88 (h) 169.8
NIB—HIBB--02 0.89 2.13 2.95(5) 152.0
NIB—HIBC:--03" 0.89 205 293(5) 173.9
NIB—HIBC:--04" 0,89 2.57 3.12(4) 120.6
CTB—HTBA 04" 097 242 2,98(2) 1163
C8B-—HS8BB-01 0.96 255 3.40(2) 148.2
CSB-— H8BC:0O11° 0.96 2.64 3.444(19) 1413
N2B—H2BA 07" 0.89 1.98 285 (4) 167.6
N2BH2BA---O8 0.89 240 3.01(4) 126.1
N2B-H2BB--010 0.89 226 3.09 (4) 154.0
N2B—H2BC:--06" 0.89 2.04 291(5) 165.0

Symmetry code(s): (1) x=1/2, =+, =+ 1/2; (i) x= 1, y, 2 (i) x= 172, =y, == 1/2; (iv) x— 172, =p+2, 241125 (V) x— 172, =+,
2=1/2; (vi) x=172, =2, ==112,
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Tab, S5. Proposed assignment of
[CHyCH,NH,J:NaGay 6 Cry 1 (HCOO),,
(1) (em")
3102,
3036, 3018, 2996, 2979,, 2952,, 2927,
2898, 2885, 2861,
2784, 2753,.. 2120\,
1676,, 1649, 1628,
1588,
1502,.,
1459,. 1451,
1385 1370, 1340,
1326y, 13204, 1304,
1288,, 1274,
1229, 1211,
1058, 1049,
1012,... 999,
878, 875,
804, 790,
427,
338,
294,, 253,

189, 163, 1464, 126, 1094

(2) (em™)
3t02,,

3035, 3017, 2995,, 2978,, 2952,, 2927,

2893, 2880,,, 2857,,
2785,.,, 2746,, 2111,
1671,.. 1648,,., 1627,
1589,,
1497,

1458, 1451,
1382,,, 1372, 1338,
1328,.. 1318, 1307,

1288, 1277,

1230,,. 1210,

1056, 1050,

1011, 997,

8784, 875,

804, 790,

428,
341,

243,
187 163, 146y, 128, 108,

Raman bands for (1), [CH,CH.NH,;NaGa(HCOO), and (2),

Assignment
v(NH')
V(CH3+v(CH:)
v(CH)
ovtch
O(NH1 "y, (OCO)
v, (OCO)
8,(NH;")
SCH:+3(CH2)
G,(CH)
v(OCO)
PICH)+v(OCO)
p(CH2)

S CHYF v, (CON)
PINH, )
vJ{CCN)
SOCO)
SCCN)
T'{Na')
T(Na' T (MM +T(HCOO
)
L{HCOO")

Key: s, strong: m, medium; w, weak; vw, very weak; sh, shoulder; v, stretching vibration (s, symmetric; as, antisymmetric);
8, bending vibration (ip, in-plane; op. out-of-plane); p, rocking vibration: T', translation: L, libration.

Ta. S6. Proposed assignment of [R bands for (1), [CH.CH,NH,].NaGa(HCOO),, at 80 and 400 K.

(1) (em™)
S0 K
3163,.,. 3074, 3052,

3026.., 3019,,,, 3012,,, 2993, 2972,
2948,,, 2924, 2905,,,

2898, 2887, 2861, 2841,,,, 2824,

2757w, 27414, 2723, 2710, 2666,,,
2647, 26306, 2525, 2516,

1661, 1655, 1642, 1634, 1606,
1603,

1576,
1515,., 1505,,,

1472,,,, 1468, 1461, 1446,
1395,.,, 1387, 1377, 1350,.,. 1340,
1327,,, 1324, 1305,

1284,, 1273,

1233, 1213, 1186,
1053,

(1) (em')
400 K
3068,

3030y, 2997, 2978,, 2984, 2951,

2880, 281641
2753, 2706, 2655,,, 2498,

1644, 1631, 1611,

1589,
1500,
1471,
1398, 1386,,, 1344,
1325,
12974, 1282,
1227, 1207,,,
1048, 1050,

Assignment
v(NH;")
WCH;)+v(CH;)
v(CH)

ovtch

O, (NH:' )iy (OCO)
v(0CO)
8(NH:")

HCH+(CH2)
8, (CH)
v(OCO)
PICH) v OCO)
PCH;)
8(CH)#v,(CON)

14
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1019,,. 1002, 1007, p(NH,")
16, 812, 807, 791, T87,. 810,, 806, 793,,, HOCO)

Key: g, stromg: m, medium: w, weak: v, very weak: sh, shoulder; b, broad: v, stretching vibration (s, svimmetric; as,
antisymmetric); 6, bending vibration (ip, in-plane; op, out-of-plane); p. rocking vibration; T, translation; L, libration.
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Real-Time Temperature Monitoring with Cr3*-Based Hybrid
Formate Perovskites: Insights into the Relation Between
Chemical Composition and Thermometric Performance

Adam Kabariski,* Maciej Ptak, Luis Dias Carlos, and Dagmara Stefariska*

Metal-organic frameworks (MOFs) exhibiting perovskite-like structures have
become a significant object of study due to their structural, phonon, and optical
features. Temperature-dependent luminescence is a valuable property within
the context of luminescence thermometry. Herein, we report structural and
spectroscopic studies of a series of [DMAJM',  Cr, (HCOO),, where DMA =
dimethylammonium cation, x = 0, 0.01, 0.03, and 0.05, while M" = Zn*, Mn?*,
Mg?*, Co**, and Ni**. The influence of the metal type on crystal field strength
(Dq/B) is determined with diffuse reflectance spectroscopy. Additionally, the es-
timation of the crystal field strength is performed with the analysis of the metal-
oxygen distance. Conducted Raman, IR, and XRD analysis provide information
on the relationship between structural properties and chemical composition. To
investigate the thermometric potential of obtained materials the temperature-
dependent luminescence measurements (80300 K) are implemented.
Obtained results show the extraordinary potential of hybrid compounds for
luminescence thermometry (relative senitivity (S, Jup to 2.49%«K~" at 160 K).
The exemplary system based on luminescent thermometers for remote tem-
perature measurements in dynamic systems has been additionally proposed.
The presented results show a significant relationship between the surrounding

X, have become an important area of
research in recent years due to their
multifunctional properties and uncompli-
cated synthesis procedure!"! Perovskite-
like metal-organic frumeworks have been
extensively investigated thanks to their fer-
roelectric, multiferroic, magnetic, and lu.
minescent properties.'**/ Among several
subgroups of hybrid compounds, particu-
lar attention has been gained to compounds
hased on formate anions at the X site
with the general formula [A[M{HCOO),|,.
Materials containing dimethylammonium
{DMA") cations have been extensively stud-
ied, especially those with the metals Mn,
Zn, Ni, Co, and Fe!* % All of them crys-
tallize in the trigonal space group R 3
¢, where DMA® cations are positioned
in three equivalent but disordered sites,
The first metal-organic formate contain-
ing DMA® (DMANaFe) was obtained in
2014 by Maczka et al!”! Subsequent stud-

temperature, chemical composition, and spectroscopic properties, allowing
to design of a temperature sensing model for time-resolved measurements.

1. Introduction

Hybrid perovskites with the general formula ABX,, which con-
tain organic cations A, divalent metal jons B, and halide ligands
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ies have shown that the incorporation of
Cr'* jons in the Fe'* site significantly sup-
presses the phase transition and that low
temperature freezes the rotation of DMA*
around the trigonal axis."" The structural
order-disorder phase transition in these perovskite-type formates
15 mainly driven by DMA* cation dynamics and framework defor-
mation. It was found that the temperature of the order-disorder
phase transition depends on the type of metal center, with a tran-
sition temperature of 155-185 K4 'The loss of DMA* three-
fold symmetry coincides with the observed phase transitions, and
the strengthening of hydrogen bonds at lower temperatures often
results in the ordering of DMA® cations, framework distortion,
and the appearance of long-range electric order."”**! The struc-
tural and luminescence properties of [DMA]Na, . Cr, (HCOO),
and [DMAJK, . Cr, ;(HCOO), have been recently studied."" " In
[DMA|K, . Cr, ;(HCOO),, the dopant 1ons exhibit a narrow, spin-
forbidden transition from the *E, excited level to the *A,, ground
state at low temperature (5 K). The emission of Cr'™* ions was
significantly quenched with temperature and almost disappeared
at 150 K. However, the emission of chromium ions in the Na'
compound is much more stable. At 10 K, as in the case of
K* analog, only emission from the ‘E_ state is observed, but
as the temperature increases, the 'T,, state becornes thermally

@ 2025 The Authoe(s) Advanced Optical Materials pubished by Wiley-VCH GmbH

123



124

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

populated and emission lines from both the ‘E, and the *T,, lev-
els were recorded

The spectroscapic properties of chromium ions, such as their
two main emission bands, depend on the local environment and
temperature, The co-existence of two types of emission (spin.
allowed from the ‘T, level and spin-forbidden from the *E  level)
can be used to detect temperature, which is a promising approach
for remote temperature measurements. - Remote tempera-
ture sensing has numerous advantages, including the ability to
mmplement it at the micro- and nanescale, as well as high accu-
racy and fast response times.' "l Luminescent materials used
for temperature sensing can be divided into several groups, in-
cluding these containing rare-earth metal ions!** " transition
metal ions,”*"" and compounds with mixed systems contain-
ing chromium and lanthanide ions.****| The potential of triva-
lent chromium ions for high thermal sensing has been reported
for several iorganic materials, but solutions based on metal-
organic frameworks are a fairly new area.

Research efforts have focused on improving the performance
of chromium ions as temperature sensors. Various approaches
have been explored, including the development of new host ma-
terials, optimization of doping concentrations, and the investiga-
tion of luminescence dynamics. New host materials can be used
to improve the luminescence efficiency of Cr'** jons and to reduce
the influence of external factors on temperature sensitivity. The
doping concentration can be optimized to improve the signal-to-
noise ratio and to better understand the temperature-dependent
quenching mechanisms, as well as develop new strategies to
improve the performance of chromium fons as temperature
Sensors. 100,04, 14411

In the present study, the effect of divalent metal cation M"
(Mn’*, Mg?*, Zn™", Co’*, Ni’"} on the structural and lumines-
cence propertics of [DMAM' | Cr (HCOO), (where x = 0.01,
0.03, 0.05) was investigated applying various techniques such as
powder XRD, Raman and IR spectroscopy, as well as absorption
and linear optical spectroscopy. The synthesized compounds ex-
hibited a strong correlation between temperature and the type
of observed luminescence, Special attention was focused on the
possibility of applying obtained hybrid organic-inorganic formate
perovskites as luminescent thermometers. For this purpose, we
proposed an exemplary sensor setup that allows temperature
time-resolved monitoring in the cryogenic temperature range.

2. Results
2.1, Structural Properties

The crystal structure of [DMA|M' (HCOOQ), (M" = Zn’*, Mn'",
Mg, Co™, Ni'') compounds has been studied in detail over
the past few years. '**%414] Therefore, they are described briefly,
with an emphasis on the most important features that character-
ize this type of material. In the structure of [DMAIM' {HCOO),,
metal fons are connected by formate linkers in three directions,
forming a 3D coordination polymeric network consisting of
M"0, octahedra (Figure 1), Such a framework creates voids filled
with DMA® cations, balancing the negative charge of the metal-
formate framework. The DMA" cations are bound by hydrogen
N-H:-0 bonds that, at low temperatures, are strong enough to
freeze the dynamics of the cation. Upon heating to 156-270 K,

Adv Optical Mater 2025, 13, 01057 01057 (2 0f 12)

Figure 1. Schematic illustration of [DMAJM" (HCOO), crystal structure in
the disordered (left) and ordered phase (right). Above the arrow are the
temperatures at which the phase transition occurs.

depending on M, [DMAIM"(HCOO), compounds undergo an
order-disorder phase transition, which results in the release of
cation three-fold disorder around the trigonal axis (Figure 1)./141%
According to the literature data, this phase transition to the high-
temperature R3c phase is accompanied by reducing octahedral
deformation.! ™ '#4!

To confirm the quality of the obtained crystals and the influ.
ence of Cr'' ions on the structure, the powder X-ray diffraction
patterns were measured and compared to the simulated ones
based on the singlecrystal data/®!*04143%4 Fioyre S1 presents
diffractograms recorded for each sample and demonstrates that
all obtained crystals are phase-pure and that the aliovalent doping
with Cr** ions up to 5 mol% has no effect on the hexagonal R3¢
symmetry, Investigated materials can be doped up to 5 mol.% of
chromium(111) ions. This limitation is most likely linked to the
charge mismatch occurring under an increase in the Cri* /M**
ratio and resulting structural destabilization caused by defects.

2.2. Phonon Properties

To further understand the fundamental properties of the ob-
tained crystals, Raman and IR spectra were collected. The ATR
and Raman spectra of all samples (Figure S2, Supporting Infor-
mation) are highly comparable to those obtained during previous
studies, """ demonstrating that all crystals adopt the hexago-
nal phase at ambient temperature, Table S1 {Supponting Infor-
mation) presents the assignments of the observed IR and Raman
bands based on the previous detailed studies."* 4 The differ-
ences in the spectra observed for different metal ions (Figure 2),
i.e., down- or up-shifts, changes in intensity, or various numbers
of components, are caused by differences in the crystal lattice
structural parameters, the size of the tonic radii of the metal ions,
their electronegativity, the size of the perovskite cavities in which
the organic cation is located, and the strength of the hydrogen
bonds.

Aliovalent doping with Cr'* ions at concentrations ranging
from 1 to 5 mol% results in no notable changes in the recorded
spectra, With higher doping, certain bands shift or broaden
up to 1-2 ¢m™', which is related to an increase in substitu-
tional disorder and the creation of defects. This effect is demon-
strated as a function of tolerance factor (TF) for three selected
bands, namely symmetric OCO stretching, v,-qq, 0CO bend-
ing, .., and symmetric CNC stretching, v ., (Figure $3).
The TF values were calculated for each sample composition us-
ing the methodology introduced by Kieslich et al. for hybrid

© 2025 The Authar(s), Advanced Ogtical Materisls published by Wikey-¥CH GmbH

| ST S 3 A ) A (TR 8 S VLY g A ] SR ALY 0 e et s Sy Aot ) W e ) o et g ST T 10 A ] M S T IV TIRLS W AL WO T NILITLILS N A U R ST 1) s g A e s iy ) g 55 S L e



SARNENGERs

s

www.advancedsciencenews.com

A\ L L A
1500 1250 1000 750 S00

3250 3000 2750
Wavenumber (cm™)
2. Comparison of Raman (a) and IR (b) spectra of

Figure
[DMAIM™{HCOO); (M" = Zn**, Mn®*, and Mg**, Co’", and Ni**)
doped with 3 mol.% Cr'* ions.

formate-based perovskites " The v, ., vibrations are the
most susceptible to the Cr** substitution, which is expected due
to the direct bonding of oxygen atoms with M" /Cr** ions. In the
studied concentration range of 0-5 mol.%, the observed upshifts
with increased doping levels reach 0.2-2.0 cm™'. The upshifts ob-
served for 6., are weaker (040.95 cm~') and the vibrations orig-
inating from the organic cation are less sensitive to metal jon
substitutions, with maximum upshifts of 0.6 em™'.

2.3. Diffuse Reflectance Spectroscopy

To investigate the presence of the Cr'* ions and crystl field
parameters, the room-temperature diffuse reflectance spec-
troscopy (DRS) has been used, Figure 3a presents the rep-
resentative collation of the diffuse reflectance spectra of the
[DMAJZn, ,Cz, (HCOO), {x = 0.01, 0.03, 0.05). Main bands are
lecalized at about 17233 ¢m~' (580 nm) and 23940 ¢cm~* {nm),
representing the allowed ‘A, —*T, and ‘A, —*T,, transitions,
respectively. Additionally, the low-intensity lines around 15550
em™" are present and can be attributed to the ‘A, —’E_ spin-
forbidden transition, Within the investigated series, the change
in the Cr'* ion concentration does not significantly affect the
position of the absorption bands. The presence of the specific
absorption bands is also visible in representative Mn- and Mg-
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related results (Figure 3b). A more comprehensive description
of diffuse reflectance spectra of chromium-based perovskites has
recently been reported.!'!! The comparison of DRS spectra of
[DMAJM",.Cr, ,,(HCOO), (M" = Zn’*, Mg**) is presented in
Figure S4 (Supporting Information). The series of DMA with
Zn and Mg ions exhibit symmetric absorption spectra, which
is characteristic of Cr™ ions!'*" For the representative sam-
ples with Mg ions, the excitation spectra monitored at the R line
were recorded at 80 K (Figure S5a, Supporting Information). The
Cr'* bands' positions agree with the results from DRS. However,
the analysis of the excitation spectrum of Mn-based compounds
shows the presence of both types of excitation bands ~ originat-
ing from Mn®" and Cr'* (Figure S5b, Supporting Information).
The sample of the material containing solely Mn** ions exhibits
several excitation bands assigned to transitions from °A, to ‘E,
*T,. “A,. ‘E, and 'T, energetical levels, On the other hand, Co-
and Ni-derivatives show significantly changed absorption spec-
tra (Figure $6, Supporting Information}. For cobalt-based mate-
rials, a broad absorption origin from ‘T) —'A, and ‘T, —'T,,
is observed. The sample of Ni-hased compound without Ce'* jon
shows a series of specific absorption bands assigned to the tran-
sition from *A, ground state to the °T, . °T,, . 'A,  and 'E 5

The obtained results have been used to determine the crystal
field (CF) and Racah parameters (Dq, B, and C). The procedure
of the crystal field parameters determination has been precisely
described in the literature.''| As can be seen in Figures S5 and S6
(Supporting Information), the absorption bands of Mn**, Co’*,
and NE* overlapped with the absorption peaks of Cr'*. For this
reason, direct estimation of the crystal field parameters and thus
further analysis of the influence of the CF strength on the lumi-
nescence properties will be mainly limited to Mg- and Zn-based
materialg, Calculated Dq, B, and C values as well as Dq/B are
listed in Table S2 (Supporting Information). Analysis of the Dq/B
ratio allows for determining crystal field (CF) strength. Accord-
ing 1o the Tunabe-Sugano diagram, at the Dq/B = 2.3 the *E, and
‘T, levels overlap. This point categorizes weak (Dg/B < 2.3) and
strong (Dq/B > 2.3) crystal fields, however, this division is arbi-
trary. Thus, materials with Dq/B value near 2.3 might be assigned
as intermediate crystal field strength. The influence of the Cr'*
ion concentration on crystal field strength is diverse and nonlin-
car. Zinc-based materials exhibit Dq/B values from 2.34 (x = 0.01,
weak CF), via 2.49 (x = 0.03, strong CF) to 2.36 (x = 0.05, strong
CF). which indicates the intermediate and strong crystal field.
Magnesium-based samples exhibit greater diversity of Dg/B pa-
rameter - from 2.22 (x = 0.01, weak CF), via 342 (x = 0,03, strong
CF), 1o 3.13 {x = 0.05, strong CF).

To compare the obtained results to the initial CF of host ma-
terials, the determination of the crystal field strength based on
the metal-ligand distance has been performed. The crystal field
strength can be calculated with the following formula:

Gk % m

where R is a metal-oxygen distance obtained from the crystallo-
graphic information files (CiFs, Mn: ICSD 194 126, Mg: CCDC
696 736, Zn: 1CSD 184 621). The metal-ligand distance is strongly
dependent on the jonic radii of the metal ion. The change in fonic
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Figure 3, (a) The diffuse reflectance spectra of [DMAJZn,  Cr, (HCOOY}, for various Cr'** ion concentrations; (b) The influence of the metal type on the

DRS of [DMA|M", Cr, [HCOO], (M" = Zn?*, Mg**).

radii as well as the corresponding M-O distance and CF strength
is presented in Figure 4.

The presented approach enables us to compare the CF
strength in host materials within the undoped series differing
in chemical composition, For the Mg** sample, the initial (with-
out Cr** doping) crystal field is 0.0250, and for Zn**-based com-
pounds - 0.0236. The lowest value of CF is, in turn, observed for
Mn®* (0.0199). The performed method can not be used for di-
rect comparison of undoped and doped compounds. However,
the performed calculation of CF strength in compounds contain-
ing Cr** ions proves the general prediction - higher CF strength
is observed for Mg?* -based materials. Even though the presented
approach is not directly complementary to estimations conducted
with the DRS technique, the method based on M-O distance anal-

ysis may be a useful tool in the prediction of the general qualities
of Cr'*-doped materials, particularly within the series of host ma-
terials differing in chemical composition. What is more, due to
the overlapping of the absorption bands assigned to Mn’* and
Cr'* ions, the determination of CF strength with the conventional
DRS method could not be performed. Thus, this method pro-
vides valuable insights into the dependence of the divalent metal
ion on CF strength and resulting spectroscopic properties.

2.4, Optical Properties

Zinc-, manganese- and magnesium-based structures exhibit
strong Cr'* photoluminescence (PL) properties, while Co- and
Ni-based compounds do not show any luminescence. This is due

[DMAJM(HCOO),

I
Metaltype(M) Mn?
M-O bondlength 2.188A
Crystal fieldstrength  0.0199

© - oxygen atom

O

Mg?
2.092A
0.0250

Figure 4. (a) The diffuse reflectance spectra of [DMA;Zn, LCr, (HCOO), for vanous Cr'* jon concentrations; (b) The influence of the metal type on the

DRS of [DMAJM' | _Cr, (HCOO), (M" = Zn®* M
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Figure 5. (3) Comparison of emission intensity at 80 K (a)
[DMAJZn, Cr, (HCOO),, where x = (001, 003, 005) and (b)
[DMAIM" 4 0)Crp gy (HCOO)y, where M = (Zn®*, Mn’*, Mg*')
The insets show comparison of emission intensity at 300 Ko (c)
[DMA[Zn, Cr, (HCOO);, where x = (0.01, 003, 005) and (d)
[DMAJM'' 4,Cro gy (HCOD),, whese M = [Zn®*, Mn?*, Mg?*).

to the strong overlap of Cr** emission with Co** and Ni** absorp-
tion bands and the efficient energy transfer to excited Co®* and
Ni'* levels. However, due to high concentration of these ions,
electrons recombine in a non-radiative way without PL genera-
tion. Thus, in this part, particular attention is not paid to Ni- and
Co-based materials. Other investigated materials exhibit strong
luminescent properties, while the luminescence is under 405
nm excitation, The chosen excitation source corresponds to the
“Ag=T,, transition in Cr' jons. Spectroscopic characteristics
of measured materials are strongly sensitive to the temperature
of the environment. At 80 K (Figure 5a), the emission spectrum of
[DMAJZn, Cr (HCOO), contains several narrow bands, where
the most intensive is observed for 686.1 nm (named R, line). Ad-
ditional Stokes bands localized at 698.3, 706.5, 726.4, and 753.8
nm. The obtained results are typical for low-temperature Ce** lu-
minescence, especially in hybrid perovskites. ™% The rich num-
ber of emission bands and their asymmetry may result from
a charge mismatch occurring in the Cr'* /M MOF structure.
This translates into two different optical sites of Cr'* jons and
a slight contribution of the emission from the defected Cr'* site.
Among the zinc concentration series, the highest emission inten-
sity and quantum efficiency (7.8%) were observed for a sample

Adv. Optical Mater, 2025, 13, 01057 €01057 (5 of 12)

www.advopticalmat.de

containing 3 mol.% of Cr'* ions. Presented luminescence mea-
surements were performed comparatively while maintaining the
uniformity and stability of experimental conditions, Thus, the
obtained results can be directly compared. For the sample con-
taining 1 mol.% of chromium jons, the intensities of the R, line,
as well as the additional peak at 698.3 nm are reduced. On the
other hand, other Stokes bands do not change their intensities.
For the sample doped with 5 mol.% of Cr** jons the highest re-
duction of the emission, for both the R, line and accompanying
bands, is noticeable. The quantum efficiency for samples con-
taining 1% and 3% Cr** ions is slightly lower and amounts to
1.6% and 7.1%, respectively, Comparisons of low-temperature
emission spectra of Mn- and Mg-based materials are presented in
Figure §7a,b (Supporting Information). For the Mn-based mate-
rials, the increase of Cr'* jons induces the reduction of lumines-
cence intensity, Series containing magnesium, in turn, exhibit
the weakest luminescence for a sample doped with 1 mol.% of
Cr’* jons. On the other hand, the greatest intensity is observed
for the 3 mol.% sample. Further increase of chromium trivalent
ion concentration leads to about a two-time reduction of the in-
tensity. The change of the main metal type significantly affects
the luminescence intensity, which is presented in Figure 5b. For
a representative sample containing 3 mol.% of Cr'* ions, the
highest intensity of luminescence is observed for Zn-based mate-
rial while intensities for Mn- and Mg-based samples are approxi-
mately nine- and five times weaker, respectively. It is also not sur-
prising that the QE of the manganese and magnesium samples
is much lower (3.5% and 1.7%) than that of the Zn-sample. The
shape of emission spectra is similar - the most intensive peak is
localized at 686.1 nm (R, line) as well as bands localized at 698.3,
706.5, 726.4, and 753.8 nm, Measurements within the tempera-
ture series were performed in the same conditions thus results
presented in Figure 5 and Figure S7 (Supporting Information)
can be compared directly, which shows that Zn-based material ex-
hibits the greatest luminescent intensity, An increase in temper-
ature induces a significant reduction of R,-line intensity. More-
over, the creation of a wide band with a maximum at 769.3 nm
15 observed (Figure 5c.d). At 300 K, the Zn-based materials con-
taining 3 mol.% of Cr'* jons exhibit the highest intensity, while
the weakest emission was recorded for the sample with 1 mol.%
of Cr'* ions. Comparisons of emission spectra at 300 K of Mn-
and Mg-based samples are presented in Figure S7¢.d (Supporting
Information),

In the case of materials containing Mn’* jons, the increase in
chromium concentration leads to the reduction of luminescence.
On the other hand, Mg-samples exhibit the highest emission in-
tensity for the material containing 3 mol.% of Cr'* ions while
the weakest emission is observed for the sample with 1 mol.%.
The luminescence of the 5 mol.% material is slightly weaker than
the 3 mol.% sample. Among materials containing 3 mol.% of
chromium trivalent ions, similarly to the measurements at 80 K,
the highest luminescence intensity is observed for the Zn-based
material and the weakest for the Mn-based one (Figure 5d). Po-
sitions of the described broad band and some residues of nar-
row emission bands remain unchanged. Due to the presence
of unshielded d-d electronic transitions, characteristic of tran-
sition metal ions such as Cr'* ions, its luminescent properties
are significantly affected by the crystal field strength of the ma-
trix. The influence of the Dg/B parameter on the spectroscopic
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Figure 6, {a) Schematic representation of the setup used for temperature-dependent luminescence measuremenss; (b) thermal evolution of the
exemplary compound [DMA|Zg3aCrp4: (HCOO); with (¢) heat map luminescence; (d) change of the normabized Integrated Intensity of the

[DMAJZng 55Crp o1 (HCOQ); with T 5 marker

characteristic of Cr** jons in double-perovskite hybrid mate-
rials has been reported previously!! By changing the com-
position of the host material and, consequently, crystal field
strength, the change of emission type, range, and rate of ther-
mal quenching of luminescence can be tuned. ™' In inves-
tigated materials, the narrow band observed at low tempera-
tures is assigned to the ‘E_—'A, spin forbidden transition,
The excitation with 405 nm wuvetength excites a higher 'T,,
level, and due to the nonradiative energy transfer the popu-
fation of “E, level is increased. Temperature rise leads to the
thermal population of the T, level, which induces the oc-
currence of the broad spin allowed ‘T, ~+*A,_ transition, The
imfluence of crystal field strength on the spectroscopic prop-
erties of investigated materials is particularly observable in
Figure 5d.

The comparison of [DMA|M" . Cr, . (HCOO}, (M" = Zn'",
Mn**, and Mg*') shows that for the manganese-based sample
(the lowest CF strength, according to M-O distance analysis)
the *T, —*A, emission is significantly reduced and equated
to 'E,~*A,, peaks. On the other hand, for Zn- and Mg-based
materials, exhibiting strong crystal fields with Dq/B parameters
equal to 2.49 and 3.49, respectively, the broad spin allowed emis-
sions are more infensive than narrow spin forbidden ones. Anal-
ogous results have been reported for [EA},NaAl, Cr, (HCOO),
double perovskites (EA = ethylimmonium cation), where the
change in crystal field strength induced different ‘E,—*A, and
T, —"'A,, transition ratios.”” The exemplary thermal evolution
of the luminescence, including reciprocal emission intensities,

Adv Optical Mater 2025, 13, 01057 01057 (6 of 12)

in [DMAJZ1, 4, Cr, o (HCOO), is better observed with a series of
small temperature increments (5 degrees). For this purpose, the
temperature-controlled stage has been used. A schematic repre-
sentation of the measurement setup is presented in Figure 6a.
The thermal evolution of the luminescence within the 80-250 K
range is presented in Figure 6b. Due to the significantly higher
intensity of the narrow *E_—*A, emission, the temperature-
induced creation of the broad ‘T, —"A,, emission is unobserv-
able. The heat map of the emission (Figure 6c), in turn, presents
the formation of broad emission within the 110-175 K and its
further extinction. The change of the normalized integrated in-
tensity of the emission as a function of temperature is presented
in Figure 6.

Obtained results show the great influence of the temperature
an the quenching of luminescence, especially within the 100-250
K range. The intensity of the emission was halved (T, ;) when
the system reached a temperature of around 154 K. Additionally,
to provide more comprehensive spectroscopic data, the lumines-
cence lifetime of representative materials was measured (4, =
686 nm), The comparison of the decay curves of samples contain-
ing 3 mol.% of Cr'* ions is presented in Figure S8. Taking into
consideration the coexistence of distinct Cr'* sites (default and
defected), a double exponential fitting was used to estimate the
time decays v, and r,, respectively. The following equation has
been implemented:

!=l,,+A,¢'<H+A,c'(f) {2)
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Figure 7. (a) Ternperature-dependent emission spectra of [DMAJM"; 30Cro 5, [HCOO)  with |, and I, markes, and changes in: (inside) |, and |, values;
(b} luminescence intensity ratio (LIR) combined with LIR determination error bars and operating range of the thermometer; (c) relative sensitivity (S,)
of [DMA[Zn, ,Cr, (HCOO); (x = 0.01, 0.03, 0.05) series; (d) comparison of S, values for [DMA] M 4, Cry o, (HCOO), (M' = Zn?*, Ma?*, and Mg®*)

series,

where 1, stands for the initial luminescence intensity, A, and A,
are pre-exponential coeflicients, r,, and r, are decay times and t
is the time. The highest values of time components are observed
for Zn-based materials (0.52 ms and 1.52 ms for ry, and r,, re-
spectively), while the lowest values exhibit Mg-series (r,: 0.26 ms,
and #,: 1,12 ms). Materials containing manganese(l1) ions show
r,, and r, equal to 0.32 ms and 1.92 ms, respectively.

2.5. Luminescence Thermometry

The influence of the temperature on the intensity and char-
acter of the luminescence makes investigated hybrid materi-
als interesting within the context of luminescent thermometry.
Organic-inorganic materials with perovskite-type structures have
been reported as promising solutions for high-sensitive temper-
ature sensors.' ™ Among various materials, hybrid perovskites
containing Cr'* ions exhibit particularly noteworthy optical and
physicochemical properties, The comparison of two parts of the
emission spectrum differing in temperature dependence is one
of the most useful temperature estimation methods. Previous
Authors’ paper concerning opic and thermometric char-
acteristics of double hybrid perovskite [EA],NaAl,  Cr, (HCOO),
shows that temperature sensing based on comparison of the in-
tensities of *T, ‘A, and ‘E,~‘A,_ transitions is a promising
approach and provides sufficient sensitivity.!'! The influence of

Adv. Optical Mater, 2025, 13, 01057 €01057 (7 of 12)

the temperature on the luminescence intensity of the exemplary
Zn-based material containing 1 mol.% of chromium ions is pre-
sented in Figure 7a.

Analogous results for all of the investigated materials are pre-
sented in Figures S9a-d. S10a-f, S11a-f (Supporting Informa-
tion). Within the context of analyzed compounds, the intensity
of the ’E,—*A, transition is notably greater than the ‘T, —*A,
transition, thus, temperature estimation is based on the analy-
sis of two parts of the spin-forbidden emission. To determine the
sensing performance, the thermometric luminescence intensity
ratio (LIR) was calculated. The LIR parameter is the ratio of ther-
mometric bands:

1
LIR=2 (3)
’l

where 1, and I, stand for intensities of first- and second ther-
mometric regions, respectively. For the calculation, two partic-
ular regions were chosen: [ (680-689 nm, R,-line) and 1, (720~
732 nm), Both ranges are assigned to the “E,—‘A,, transition,
The following thermometric ranges were chosen to provide two
temperature-dependent regions differing in the progressiveness
of a thermal quenching. The |, range is assigned to the most in-
tensive emission peak, which is a commonly reported approach.
Investigated materials do not exhibit enough intensity of broad-
band ‘T, —*A,_ (compared to the emission from a *E_level),
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thus to provide sufficient signal-to-noise ritio the separate Stokes
band (I,) was chosen, The change of the [, and 1, intensities
as a function of the temperature of the system is presented in
Figure 7a (inside). By combining intensities of both I, and I,
intensities, it is possible to obtain a cumulative LIR parameter
(Figure 7b). The analysis of the temperature operating range as
well as temperature uncertainty determination was performed
according to the procedure presented by Bednarkiewicz et al, 1!
Analogous results for the Mn- and Mg-based series are presented
in Figure $12a.b (Supporting Information). The increase in tem-
perature causes the notable reduction of FIR parameters within
the specific ranges: 80-265 K (Zn-compounds), 80-240 K (Mn-
compounds), and 80-260 K {Mg-compounds). Within the con-
text of luminescent thermometry, the mentioned ranges have
been taken into consideration, Calculated values of LIR param-
eters constituted the basis for thermometric analysis. ™' To fur-
ther demonstrate the thermometric characteristics, the relative

thermal sensitivity S, 15 calculated as:
1 |dLIR
S, = FR- 3 -F x 100% (4)

where dLIR is the change of the thermometric parameter LIR at
temperature change dT, The collation of relative sensitivity calcu-
lated for zinc materials is presented in Figure 7¢. The correspond-
ing results for magnesium materials are presented in Figure
$12b-d {Supporting Information). For all of the investigated sam-
ples, a growth in temperature causes the initial increase of the
§, values, achieving the maximurm values within the 150-180 K
range, depending on the sample composition, Further growth in
temperature induces a significant reduction of the relative sen-
gitivity, The highest relative sensitivity (2.5%+K™") is observed
for [DMAMn, . Cr, . (HCOO),. Among Zn- and Mg-based se-
nies, the highest S, values are observed for the samples contain-
ing 3 mol.% (2.4%«K"') and 1 mol.% (2.2%K"') of Cr'* jons,
respectively, The Mg-based materials exhibit the shift of maxi-
mal S, values within the concentration series toward higher tem-
peratures (Figure S12d, Supporting Information). Such a phe-
nomenon is not observed for other materials. Also, less impact
of the Cr'* concentration on the maximum §, compared to the
Zn- and Mn-based compounds is observed. The influence of the
chromium concentration on the useful sensing range (high S,
values) has been reported within the context of the hybrid per-
ovskite [EA],NaAl, , Cr, (HCOO), ! The tuning of the operating
area, understood as the most accurate sensing range, signifi-
cantly broadens the possibility of thermometric system optimiza-
tion and adjusting to existing conditions. The studied materi-
als show sufficient stability and repeatability within the cooling-
heating intervals (Figure S13, Supporting Information). The sta-
bility of the material and the signal under varying temperature
conditions is an important feature that significantly affects its us-
ability, To provide a more comprehensive analysis of the thermo-
metric potential of the investigated series of materials, the error
of the temperature determination (SLIR) was taken into consid-
eration according to Bednarkiewicz et al.™*! The comparisons of
the error of LIR determination as a function of temperature are
presented in Figure $14 (Supporting Information). The operating
ranges are presented in Figures S15 and $17 (Supperting Infor-
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Table 3. The coll of plary | ence therry ters with rel-
ative sensitivity (S,) at a given temperature (T) (Hbtb = 1,3.5-trls(4-
carbaxyphenyl)benzene;Btec = 1,2, 4,5 Benzenetetracarboxylic acid)

Compound S ek TIK]  Refs
|DMAJZn, 5, Cry oy (HCOOY), 24 165 Thiz work
[DMAMI g o Crg gy (HCOO), 25 160
[OMAIM; 44 Cry o) (HCOD), 22 150

[EAY; Natly 5, Cro 5 {HCOO) 28 1e0 m
S, MgAL, O, Cr** 7 110 4
ZnCa,0,: Cr'* 28 10 125)
SeGdLITeO,: Ma**, Eu™* a9 550 [55)
Y AL Oy Ti*t, Nd?* 37 an 38
oy ys Eug s (btb] 28 " BN
Se,GeO,: P! 9.0 a2 %
Y, ALGE, O Na' 0.45 100 %
([T 35 Etig 30 {H; Btec) {Stec) (H, 0}, [+aH, 0}, 16.1 " (604

mation). To distinguish the operating range, the following condi-
tions must be met:

(S, (T) 2 S,) "(dLIR(T) = SLIR(T)) {5)

where S, is the sensitivity threshold (depending on the specific
application requirements), dLIR{T) is an increment in LIR value,
and 6LIR(T) is an error in the determination of LIR in given tem-
perature T. Within the investigated series, the thermometric op-
erating ranges reach temperature from 80 K up to 230 K. The pre-
sented thermometric analysis has been performed based on the
investigation of two temperature-dependent ranges assigned to
the spin-forbidden *E,—*A,, transition. The adopted paradigm
of ratiometric thermometric analysis is based on the compari-
son of two independent temperature-sensitive transitions. Such
an approach has been presented for [EA],NaAl, Cr (HCOO),,
where the calculation of the LIR parameters was based on the
ratio of *E ~*A, and ‘T, —*A,, transitions. In this particu
lar system, the intensity of the spin-allowed “T, —'A, tran-
sition was high enough to implement a lwo—bantf method. In
this work, the thermometric analysis was performed based on a
single-transition approach, which is not a commonly used tech-
nique. Obtained results, especially considering the relative sensi-
tivity {up to 2.5%eK ') are comparable (Table 1) to conventional
high-sensitive thermometric materials, mainly based on the lan-
thanide jons, and show the undeniable potential of the single-
band approach.

To illustrate the potential and usefulness of the described opti-
cal thermometers, the experimental thermometric setup was pre-
pared (Figure 8a), The copper pipe was partially placed in an in-
sulated container made of extruded polystyrene foam filled with
liquid nitrogen, The container was opened to allow liquid ni-
trogen to evaporate freely during the experiment. Several crys.
tals of [DMAMn, ,,Cr;, ,,(HCOO), were placed on the surface
of the pipe with a silver paste. The luminescence of the sam-
ple was constantly monitored. When the luminescence intensity
achieved the highest value, which indicates the stabilization of
the temperature gradient, the automated series of luminescence
measurements was launched. From this point, a measurement

© 2025 The Authar(s), Advanced Optical Materisls published by Wiley-VCH CmbH
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Figure 8. (a) Termper

pendent

spectra of [DMAJM ' 3aCrg o, (HCOQ) ; with |, and |, markes; and changes in: {mside) |, and |, values;

(b} luminescence intensity ratio (LIR) combined with LIR determination error bars and opetating range of the thermometer; {¢) relative sensitivity (S,)
of [DMA[Zn,,,Cr, (HCOO), (x = 0.01, 0,03, 0.05) series; {d) comparison of 5, values for [DMA] M 4,Crg 0y (HCOQ), (M" s Zn**, Mn®*, and Mg**)

series.

of the luminescent spectrum was performed every 5 s, During
the experiment, the temperature of the sample fluctuated due 1o
the evaporation of the liquid nitrogen {increase in temperature)
as well as the refilling of the reservoir with & cooling medium
(decrease in temperature). The obtained series of luminescent
spectra was further processed following the methodology pre-
sented in this work. Calculated LIR values (based on |, and |,
values) for every measurement were used to estimate temper-
ature according to the thermometric model determined under
control conditions, The graphical representation of the tempera-
ture estimated within the experiment is presented in Figure 8b,
Within the initial part of the experiment (red range 1), the cal-
culated temperature of the sample increased, which is caused
by the reduction in the liquid nitrogen amount in the reservoir.
When the container was refilled with the new portion of cool-

Adv. Optical Moter. 2025, 13, 401957 ¢01057 (9 of 12)

ing medium the calculated temperature rapidly decreased (blue
range 2). Within range 2, temporary stability in temperature was
observed, however, shortly after temperature decreased rapidly.
This phenomenon was caused by two-portion refilling, The tem-
perature stabilization took place between two portions of liquid
nitrogen. After the second portion, a linear increase in temper-
ature was observed (range 3). When a certain amount of liquid
nitrogen evaporated, the cooling medium reservoir was refilled
again (range 4), which led to the rapid reduction in the material’s
temperature and further ~ temporary stabilization in tempera-
ture, Next, the system was left undisturbed and, due to the liquid
nitrogen evaporation, an increase in temperature occurred (range
5). The terminal part of the experiment assumed the sudden re-
moval of the whole cooling medium to induce a greater tem-
perature increase. When all liquid nitrogen was removed from

@ 2025 The Authoe(s). Advanced Optical Materials published by WilepVCH GmbH
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the reservoir, the temperature significantly increased (range 6).
The small Huctuations in temperature resulted from the unsteady
state and air circulation in the setup environment.

The presented approach shows the potential of the lumines-
cent temperature sensors for constant monitoring under non-
ideal and unsteady conditions. As it is presented, it is possi-
ble to observe not only the small changes in temperature on
the monitored matenal but also detect much greater tempera-
ture changes - within the context of the performed experiment,
up to 35 K (within the 132-167 K range). What is more, re-
sults show a significant potential of the luminescent thermom-
etry driven from its' remote and fast measurement, which al-
lowed us to sufficiently visualize the moment of the LN re-
filling. The described results show that investigated formate-
based organic-inorganic compounds with the general formula
[DMAM", Cr,(HCOO), (M" = Zn®*, Mn™, and Mg®; x =
0.01, 0.03, 0.05) exhibit noteworthy optical properties, especially
within the context of luminescence thermometry. The develop-
ment of optical thermometers based solely on transition-metal lu-
minescence is a promising direction toward non-lanthanide tem-
perature sensor design, especally for low-temperature sensing
solutions,

3. Conclusion

The slow-diffusion method was successfully used 1o obtain a
series of metal-organic frameworks with the general formula
[DMAJM", Cr, (HCOO),, where x = 0, 0.01, 0.03, and 0.05, while
M =Zn®, Mn™*, Mg™, Co’, and Ni"'. Performed XRD mei-
surements confirmed phase purity and the possibility of dop-
ing with Cr** ions. Due to the charge mismatch, occurring
under an increase in Ce™* /M*, it is possible to incorporate
up to 5 mol.% of Cr'*, The Raman and IR spectroscopy pro-
vided information about phonon properties and the influence
of Cr'* addition. The crystal field strength was estimated with
DRS measurements orjand with M-O length analysis. The ob-
tained results show the strang influence of the metal type and
Cr'* concentration on CF strength. A proposed approach using
metal-ligand distances provides a particularly promising enrich-
ment of the DRS-based results. Estimated CF strength corre-
sponds to obtained temperature-dependent luminescence stud-
1es. Investigated matenials exhibit the coexistence of temperature-
sensitive bands, narrow spin-forbidden *E, — *A, and broad
spin-allowed *T, — ‘A, . Observed luminescence can be used
to develop a thermometric model according to the ratiomet-
ric approach, However, due to the small intensity of the spin-
allowed transition, the luminescence intensity ratio of the new
luminescent thermemeters was based on two separate emis-
sion bands assigned to the “E, — *A,_ transition, Obtained lu-
minescent thermometers show high relative sensitivity up to
2.5%sK"" for [DMAJMn, . Cr, .. (HCOO}, at 160 K. Comprehen-
sive analysis of obtained thermometric results shows the crucial
role of Cr** jons concentration and, simultaneously, metal type
on obtained thermometric potential. The proposed thermomet-
ric system based on the series of temperature measurements
confirms the extraordinary potential of Cr'*.baged hybrid ma-
terials. Performed time-resolved temperature analysis was suc-
cessfully implemented for visualization of the temperature gra-
dient within the 132-167 K range. Further development of ther-
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mosensitive compounds based on Cr'* luminescence may re-
sult in the introduction of novel, lanthanide-free thermometric
solutions.

4. Experimental Section

Sithesis.  In this study, Investigated materials were synthesized
by using the low-diffusion method. To synthesize the crystals of
[DMAIM" | Cr (HCOO); (where M" = Zn®*, Mn?', Mg?t, Co?t, N7,
and x = 0, 0.01, 0.03, 0.05), dimethylamine (DMA) solution (2M)
in methanol (Sigma-Aldrich), formic acid (298%, POCH), anhydrous
methanol (MeOH) (39.8%. Sigma-Aldrich), chromium{ill} chloride hex-
shydrate(>98%, Sigma-Aldrich), manganese chlonde (299%, Sigma-
Aldrich), magnesium chloride (298%, Sigma-Aldnch), zinc chlonde
(>9%.999%, Sigma-Aldrich), were used as precursors without further pu-
rification

At first, the stock solution of CrCly (107 M) was dissolved in distilied
water, After that, an aqueous selution A {heavy phase, the reaction to form
dimethyl formate) and solution B (light phase, the source of metal lons)
were prepared separately. To prepare solution A, DMA (& mmol, 4 mL) was
dissolved in 6 mL of MeOH, and then 2 mL of HCOOH was added. To
prepare solution B, MCL, {2 mmal) was dissolved in 15 mL of MeOH. For
doped samples, the proper volume of CrCly was evaporated on a heater
and then transferred to the B solution. Finally, sof A and B were
gently transferred to a test tube (1 cm diameter, 40 cm length) by using
a syringe. After a few days, the cubic-shaped crystals started growing on
the wall of the glass tube at the boundary between the two phases. Af:
ter one week, it was collected and then washed several times with MeOH
and left till deied in air. Instead of the crystals, white precpitation was ob.
tained at the boundary between the two phases in the cases of Ni- and Co-
based compounds. The solubility of the obtained compounds in methanol,
ethanol, isopropanol, acetonitrile (AcCN), and N N-dimethyiformamide
(DMF) was verified. For all solvents, the studied materials are insoluble
(aleohols and AcCN) or pamally soluble {DMF). The solubility test in wa-
ter showed that they do not dissolve; b , & long exp on the
order of several months to moisture m the air causes partial decomposi-
tion of crystals on the surface. Therefore, crystals need to be protected for
long-tesm stocage.

Steuctiral and Phonon Characterstics:  The purity of the samples was
examined by Xeray diffraction (XRD) technique In the range 26 = 10-
60" using X'PertPro system (PiXcel detector and Ni-filtered CuKa ra-
distion 4 = 154056 A). The Raman spectra were measured using a
Bruker FT 110/S spectrometer operating at 1064 nm. The mid-IR ATR
(attenuated total reflection) spectra were collected using a Nicolet 1550
Infrared spectrometer equipped with the ATR module and diamond
crystal.

Optical Spectroscopy.  The diffuse reflection spectra were measured
by using a Vasian Cary SE UV/VIS-NIR spectrophotometer (Varian In-
corporation, Palo Alto, CA, USA), Emission spectra and temperature-
dependent emission spectra of the samples were recorded using a Hama-
matsu PMA-12 photonic multichannel analyzer equipped with a 87-CCD
linear image sensor (Hamamatsu Photonics KX, Shizuoka, japan). The
temperature was controfled by a Linkam THMS 600 Heating/Freezing
Stage (The McCrone Group, Westmaont, IL USA). To reduce the emis-
sion intensity-fo-noise ratio, each emission spectrum at a given tem-
perature was collected with an exposure time of 500 ms and 30 aver.
ages. The quantum cfficiency (QE) of the selected sample was mea-
sured as 80 K under 3 405 nm excitation line using the FLS 920 Fluo-
rescence Quantum Yields Spectrometer with a standard measurermnent
uncertainty of 10%.

Supporting Information

Supporting Information s available from the Wiley Online Library or from
the authoe,
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Table S1. Raman and IR wavenumbers together with assignment of observed bands

Raman (em™) IR (em™) Assignment
3116-3153 3110 vNH,
3037-3059 3033-3063 vasCHs
2940-2979 2963-2972 viCH;3
2884-2040 - o+cb
2827-2870 2825-2885 vCH
2696-2800 - o+chb
1610-1661 1627-1633 ONH:
1556-1600 1559-1598 vuCOO
1442-1476 1457-1473 8y CH1
- 1390-1420 8, CHs+wNH;
1364-1373 1356-1367 SCHip
1340-1356 1318-1350 viCOO
- 1253 lﬁg;-l‘wl PE!‘lS
1059-1076 1069-1075 8CHqp
1026-1030 1024-1028 vl CNC
893-899 888-899 vi.CNC
790-804 R07-831 aC00
407-412 400-425 SCNC
308-325 - «CH;
57-257 - lattice modes
key: 8, bending; v, stretching: p, rocking; T, twisting: », wagging; as,
antisymmetric;

cb, combination band; ip, in-plane; o, overtone; op, out-of-plane; s, symmetric
1
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Table S2. The collation of the band gap energies (E,) and crystal field parameters of
investigated materials

(DMAJM,-
&Cr\(HCO(C)‘)j. g, M (‘)""“ B(cm') DgB C(em') CB
content
0 572
7 —20 5.71 1671 714 2.34 3103 435
' 0.03 5.66 1693 680 249 3170 4.66
0.05 5.6 1668 707 236 3117 441
0 6.15
i 0.01 6.11 1738 628 277 3280 5.4
0.03 5.20 1718 638 269 3275 5.3
0.05 5.49 1734 619 280 3308 534

Table S3. The collation of the relative (S,) sensitivities
[DMAIM.«Cr.(HCOO);

St, max ("/B'K-I)

M X
0.01 23(170K)
Zn 0,03 2.4 (165 K)
0,05 2.3 (165K)
0.01 2.0(170K)
Mn 0.03 2.3 (170 K)
0.05 2.5 (160 K)
0.01 2.2 (150K)
Mg 0,03 2.1 (170 K)

0.05 2.1 (180 K)

(=]
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Figure S1. Experimental powder X-ray diffraction patterns for the [DMAIM"(HCOO),
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Figure S5. 80 K excitation spectra of [DMAMg;..Cry(HCOO) monitored at 685 nm (a) and
[DMA Mn;..Cri{ HCOO) monitored at 699 nm. (b), where x = (0, 0.01, 0.03, 0.05).
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Figure S6. Diffuse reflectance spectra of (a) [DMA]C01Cry( HCOO) and
(b) [DMA N1 Cry(HCOO)3, where x = (0, 0,01, 0.03, 0.05).
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Figure S89. (a) Temperature-dependent luminescence and (b) emission map of

[DMA]Zng%Croo(HCOO);s: (¢) temperature-dependent luminescence and (d) emission map of
[DMA]Zng 9sCronstHCOO)3
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Introduction

High-sensitivity optical thermometry with
Cr°*-doped hybrid formate perovskites:
comparative analysis of ratiometric and
lifetime-based approaches

Adam Kabaniski, @ * Kacper Caputa and Dagmara Stefariska (0 *

Optical thermometry, due 10 s properties such as rapid response, usabllity, high sensitivity, and remote
measurements, IS gainng increasing intérest among resesrchers, Particularly promising materials for low-
temperature thermometry applicaticns are metal-organic frameworks (MOFs) containing chromiumiu)
ions. In this work, we present a method for optimising data for the development of a temperature sensor,
with particular focus on the relative sensitwity parameter (5. As part of the optimisation process, we dis-
tinguish two approaches using different data analysis techrmiques and observe the impact of individual
parameters on the temperature characteristics of the materials. Additionally, we present the structural and
spectroscopec properties of a series of [EAJMq,Cry (HCOO)y, where EA = ethylammonium cation, and
x = D, 0.01, 0.03, and 0.05 These matenals are charactensed by a perovskite structure and exhibit a
strong dependence of spectroscopic properties on the concentration of the dopant and temperature
The luminescence properties of chromiumiu) lans change due to variations in the crystal field strength
(Dg/8), which is measured using diffuse reflectance spectroscopy and photoluminescence techniques
The investigated materials exhibit particular temperature-dependent luminescence, which can be
implermented as a basis for the thermometric model determination. Moreover, the influence of tempera-
ture on luminescence lifetime prowides a secondary thermometric pathway, which has not been reported
for hybrid formate perovskites before. The obtained optical ratiometric sensors are characterized by high
relative sensitivity {up to 3.07% K™* at 130 Kl and a wide operating range {up to 80~170 K interval). The
thermometric analysis of the lifetime-based model shows high relative sensitivity up to 2.97% K" {140 K)
In this wark, we nvestigated the influence of the chemical composition on the observed thermometric
performance within a series of EA-based hybrid compounds and compared two thermometric
approaches - rabometne and Lfetime-based. What 1s mare, we provide a comprehensive comgarison of
the spectroscoplc properties, especially conceming the thermometric potential, with those of other
reparted hybrid formates. difering in the type of organic cation. The presented results show a particular
potential of hybrid formate perovskites doped with Cr'™* ions, especially within the context of highly sensi-
tive luminescence thermometry,

optical thermometrie strategies include the analysis of emis-
sion lifetime variations, monitoring spectral shifts of specific

Luminescence thermometry represents a novel and increas-
ingly prominent approach to remote temperature monitoring,
offering several advantages over conventional contact-based
thermometric techniques."” Luminescent materials enable
highly sensitive, rapid, and remote temperature measurements
while reducing susceptibility to external disturbances such as
strong electromagnetic fields,' The three most employed

institute of Low Temperature and Structure Research, Polisk Academy of Scéences,
Wroclio, Polonsd. E-muil: o tabomstighintihs.pl, d stefanskagpintibs pl

This jourmal is 2 The Royal Socety of Cremistry 2025

bands, and the matiometric method—based on comparing the
emission intensities of two temperature-dependent spectral
bands." ™" A wide range of luminescent materials with suitable
spectroscopic characteristics are available for the development
of thermometric models, with the majority based on inorganic
host doping with mareearth (RE) elements.™™ However,
increasing attention has recently been directed towards com-
pounds incorporating transition metal (TM) ions, owing to
their thermometric performance, which is often comparable
to those of RE-based systems.”™'" The growing interest in
luminescence thermometry is driving the search for new

Dalton Trans, 2025, 54, 15699-15908 | 15899
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materials and approaches that combine multimodal thermo-
metric models, which may contribute to enhanced sensitivity
and an extended operational range of such sensors.’'™* In
this context, hybrid organic-inorganic materials containing
Cr'' jons have emerged as particularly promising candidates
for luminescence thermometry applications,'™*?

The hybrid organic-inorganic compounds with perovskite-
like structures are becoming more interesting due to a wide
range of functional properties,”™ ™™ These materials, often
forming metal-organic frameworks (MOFs), have attracted
increasing attention because of remarkable magnetic, ferro-
electric, multiferroic, and spectroscopic  characteristics,
Perovskite-like materials are defined with an ABX, structure,
where A is an organic compound, B stands for divalent metal
ions and X is an monovalent anion. Among them, the halide-
based hybrid perovskites have been successfully implemented
in photovoltaic applications.'™*” The substitution of the A, B
or X components can significantly change the properties of
compounds.””™ Due to this, perovskite-like materials can be
used far beyond this scope,

A particularly noteworthy subgroup comprises formate-
based compounds (X = HCOO™}, which exhibit interesting fea-
tures including ferroelectricity, multiferroicity, and both linear
and nonlinear optical properties.'"?"** Within the context of
luminescent materials, hybrid formates containing Cr'' ions
deserve special attention. Due to their chemical stability,
strong luminescence, weak concentration quenching, and
strong thermal quenching, these materials have been effec-
tively applied as luminescent thermometers for remote temp-
erature sensing.'”™*** The additive of Cr*" ifons results in a
luminescent centre strongly sensitive to the local environment,
described by the erystal-field (CF) strength. Chromium triva-
lent ions exhibit two main types of transitions observed in the
luminescence spectrum: narrow spinforbidden *E; — ‘A,
and broad spin-allowed “T,, = ‘A, In a strong crystal field,
only the narrow transition from *E, is observed. However, in a
weak erystal field, the broad emission from 'T,, becomes
dominant,**** Additionally, in the intermediate CF, there is a
coexistence of these two types of transitions. At low tempera-
tures the “E, — 'A,, emission is dominant, while increasing
the temperature induces the thermal population of *T.,, which
leads to more intense occurrence of “Ty, — ‘A, emission.
Increasing the temperature causes a change in the intensity of
emission bands, like spin-allowed, spin-forbidden and Stokes
lines, but the change does not progress equally. That is why
the ratiometric method—based on comparing the emission
intensities of two temperature-dependent spectral bands-—can
be performed. Also, the luminescence lifetime is another note-
worthy approach applied to remote temperature sensing, due
to its significant dependence on temperature.”™*” This novel
approach is not explored yet for hybrid perovskites containing
Cr'' ions. It is noteworthy that the implementation of the
hybrid organic-inorganic compounds doped with Cr'' ions
provides the possibility of application of these compounds as
highly sensitive luminescent thermometers for the cryogenic
temperature range. The potential of luminescence thermome-
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try in this temperature regime has been demonstrated for both
inorganic and hybrid compounds containing lanthanide
ions,”™*" as well as for inorganic chromium-based materials. ™"

In this work, we report the synthesis and structural and
spectroscopic properties of the series of [EA|Mg, _.Cr{HCOO);,
where x = 0, 0,01, 0.03, 0.05. The optical spectroscopic tech-
niques, diffuse-reflectance spectroscopy, and luminescence
lifetime measurements are applied to provide comprehensive
results showing the relationship between structural and spec-
troscopic characteristics in hybrid materials containing Cr'
lons. In particular, we examined the Influence of chromium
doping on changes in spectroscopic properties such as the
temperature-dependent components of the emission spectra,
the shape of the absorption spectra, and the luminescence life-
times. The temperature-dependent character of the investi-
gated parameters s used to determine the thermometric
potential of the investigated compounds. For this purpose, two
types of thermometric models, based on different approaches
{ratiometric model and lifetime-based) are presented, includ-
ing calculations of obtained sensitivities and sensing ranges.
For the first time, the implementation of the lifetime-based
approach in hybrid perovskites doped with Cr'' is investigated.

At the same time, this represents the first attempt to
compare thermometric properties based on the ratiometric
method with those based on emission lifetimes in the context
of hybrid formate perovskites. We believe that the optimization
of the thermometric model is a critical step towards the devel-
opment of more sensitive and accurate luminescent thermo-
metric devices,

Experimental
Materials and instrumentation

The purity of the samples was examined using powder X-ray
diffraction (PXRD) on an X'PertPro X-ray diffraction system
(PIXcel detector and Soller slits for CuKa radiation, 4 =
1.54056 A). The diffuse reflection spectra (DRS) were obtained
by using a Varian Cary 5E UV/VIS-NIR spectrophotometer
(Varian Incorporation, Palo Alto, CA, USA). Emission spectra
were measured with 8 Hamamatsu PMA-12 photonic multi-
channel analyser, equipped with a BT-CCD linear image
sensor (Hamamatsu Photonics KK, Shizuoka, Japan). The
luminescence decay curves were recorded with a photo-
luminescence  spectrophotometer FLS1000  (Edinburgh
Instruments, Livingston, Scotland). The temperature-dependent
measurements were conducted with a Linkam THMS 600 heating/
freezing stage (The MceCrone Group, Westmont, IL USA).

Synthesis

In the synthesis of [EAMg,_Cr(HCOO), (where x = 0, 0.01,
0.03, 0.05) commercially available precursors (without further
purification) such as ethylammonium hydrochloride (98%,
Sigma-Aldrich), formic acid (298%, POCH), anhydrous metha-
nol (MeOH) (99.8%, Sigma-Aldrich), chromium{m) chloride
hexahydrate  (298%, Sigma-Aldrich), magnesium  chloride
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(298%, Sigma-Aldrich), and triethylamine (298%, Sigma-
Aldrich) were used. The compounds were synthesized using a
low-diffusion technique. Initially, two solutions are prepared:
solution A (heavy phase) and solution B (light phasc). The
preparation of solution A involved dissolving EA-HCI (8 mmol )
in 7.5 ml of MeOH and then adding 1.5 ml of HCOOH and
0.7 ml of tricthylamine. To obtain solution B, MgCl, (2 mmol)
and a stoichiometric amount of CrCly were dissolved in 5 ml
of MeOH. The scolutions were carefully layered in a glass test
tube (1 cm in diameter and 18 cm in length) using a syringe.
The formation of the materials takes place in the interface
of two solutions. After one week, crystals were collected,
thoroughly washed with ethanol, and airdried, The phase
purity of the synthesized samples was confirmed by powder
X-ray diffraction {(XRD), with the recorded patterns compared
against simulated data derived from single-crystal structural
parameters.

Results
Structural and phonon characteristics

The structural and phonon properties of the investigated
undoped material, [EAJMg(HCOQ);, have been studied in
detail by Ciupa ef al.™ and Shang et al"" Therefore, in this
work, we present a synthetic overview of its characteristics. At
room temperature, the group of ethylammonium-based metal-
organic frameworks containing formate linkers crystallizes in
the non-centrosymmetric Prna2, space group (with ordered EA
cations). The observed phase transitions to the trigonal R3
phase oceur around 373 K (heating) and 316 K (cooling). The
performed  differential - scanning  calorimetry  (DSC)  and
thermogravimetric analysis [TGA) measurements show an
enthalpy change (AH) of 0.5 kJ mol™". The second phase tran-
sition, to the orthorhombic Imma phase, takes place around
426 K (heating) and 415 K (cooling). For this phase transition,
the reported AH value is equal to 7.0 kJ mol™". The tempera-
ture of the decomposition is, in tum, equal to 470 K.** A visu-
alization of the [EA]Mg{HCOO), structure is shown in Fig, 1.

Reported Raman and IR studies provide comprehensive
data on the phonon characteristics of [EAJMg(HCOO),. The
work of Ciupa et al."* confirms the presence of characteristic
bands corresponding to internal vibrations of EA' and HCOO™
ions, as well as modes related to the crystal lattice. The temp-
crature-dependent study of [EAJMg{HCOO), shows that its IR
and Raman spectra remain largely unchanged up to 370 K, but
at 390 K, they undergo abrupt modifications, indicating a first-
order phase transition. This transition is associated with a
structural change to a trigonal phase and dynamic disorder of
the EA' cations. It manifests as the disappearance, broaden-
ing, and merging of several vibrational bands, along with the
appearance of new ones. These spectral changes confirm the
structural distortion of the magnesium-formate framework
above 374 K.

To confirm the quality of the synthesized crystals and evalu-
ate the structural impact of Cr'" fon incorporation, powder
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Fig. 1 The visualization of [EAJMg(HCOQ); at room temperature
{293 K), according to CCDC 901263,

X-ray diffraction (PXRD) analysis was performed. The diffrac-
tion patterns were compared with simulated patterns derived
from single-crystal data sources (Fig. S1). The results con-
firmed sufficient purity of the materials. The incorporation of
trivalent Cr*' into the divalent Mg™* sites results in the appear-
ance of additional signals at approximately 18° and 34.5° in
the sample containing 5 mol% of chromium{u) ions. These
additional signals may be attributed to structural defects that
destabilize the crystal lattice, thereby limiting the maximum
achievable Cr"' concentration. A similar limitation in dopant
concentration has been reported for a series of DMA- and
GUA-based hybrid formate perovskites doped with Cr'' ions.*”

Diffuse reflectance spectroscopy (DRS) was utilized to verify
the incorporation of trivalent chromium ions (Cr'") within the
hybrid organic-inorganic compounds. The collected DRS
spectra for the studied samples are presented in Fig, 2.
Materials doped with Cr** exhibit three distinct absorption fea-
tures located near 14536 em™' (*A; — °E), 16977 em™!
{*Azg — *Ty), and 23 257 em ™" ("Azy — *T), consistent with data
reported for other Cr* -containing formate perovskites, ">

The application of the described matrix lies in the absence
of absorption bands in the 12 000-28 000 cm™! range, which
would otherwise overlap with the absorption of Cr'' ions. The
fact that no overlap of absorption bands is observed in the
described compounds allows for the determination of Racah
parameters and crystal field strength without interference
from bands associated with other ions. The phenomenon of
overlapping absorption bands has been reported, for instance,
for compounds containing Mn®", Co”™", and Ni*" jons.'™"*

The DRS results for Cr''-doped systems are commonly
employed to extract crystal field and Racah parameters, which
provide insights into the local environment of the optically
active chromium(m) ions.™"" The Dg/B ratio, indicating the
strength of the crystal field, is a key parameter used to describe
the interaction between Cr’” jons and their host lattice.™ "
According to the Tanabe-Sugano diagram for the 3d” electron
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Fig. 2 The comparison of the DRS spectra for [EA|Mg, ,Cr,(HCOO),

configuration characteristic of Cr'’, the states “E, and *T,,
overlap when the Dg/B value equals 2.3, defining the regime of
intermediate crystal field strength. Values above and below
this threshold correspond to strong and weak crystal fields,
respectively. From the positions of the Cr’’ absorption bands,
the parameters Dy, B, and C, and their ratio Dg/B were caleu-
lated and are presented in Table S1. The obtained Dg/B ratios
for materials doped with 1 mol%, 3 mol%, and 5 mol% Cr'"’
are 2.43, 2.45, and 2.61, respectively. The described materials
exhibit medium/strong crystal fields, which facilitate the evalu-
ation of their thermometrie potential and the determination
of the influence of this parameter on the resulting sensor
sensitivities,

Optical properties

The investigated materials exhibit photoluminescence [PL)
under excitation at a wavelength of 405 nm, which efficiently
promotes the *A;, — *T,, transition of Cr*" ions. At 80 K, the
exemplary emission spectrum of the [EAJMg, 4:Cro.s(HCOO),
sample shows several narrow bands, with the most intense
peak observed at 686.5 nm, assigned to the R, line (Fig. 3a).
This emission band is attributed to the spin-forbidden “E, —
‘Az, transition. Additional Stokes sidebands are located at
696.8 nm, 726.5 nm, and 754.5 nm, Moreover, a low-intensity
broadband emission in the range of 720-1000 nm is observed,
which is assigned to the spin-allowed *T,, — ‘A, transition
(see the inset of Fig. 3a and b). At the highest measured temp-
erature (270 K), a very weak emission from the "1‘2, level is still
observable. However, it is approximately 5000 times weaker
than the maximum emission intensity recorded for the R, line
at 80 K. The intensity of this transition is significantly lower
than that with an analogous process from the “E,, level.

The simultancous presence of both Cr''-related emission
bands, combined with a medium/strong crystal field, suggests
a remarkably low energy of the thermal population of the “Ty,
level. Such a phenemenon is reported for other hybrid perovs-
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kites doped with Cr'” ions."™'™" The excitation spectra of the
representative sample are presented in Fig. S4.

The PL emission is strongly temperature-dependent, with
notable changes in both the spectral shape and intensity. As
the temperature increases, the overall luminescence intensity
decreases due to thermal quenching, However, this process is
not uniform across the entire spectrum. The R, line undergoes
the most rapid quenching, whereas the relative contribution of
the broadband emission increases with temperature, The com-
parison of the normalized PL spectra at the 80-200 K range is
shown in Fig. 3¢. The progress of the thermal quenching of a
*E; — 'As, emission tange (670-720 nm) is presented in
Fig, 3d. The Ty is equal to 108 K, which indicates a rapid
thermal quenching. Complete quenching of luminescence
occurs near 230 K, Temperature-dependent PL spectra for
other materials are provided in Fig. S2a and b. A comparison
of the normalized emission spectra at 80 K and 170 K for the
concentration series is presented in Fig. $3a and S3b, respect-
ively, The highest contribution of the broadband *Ts, — ‘A, is
observed in the sample doped with 1 mol% of Cr'* ions,
which aligns with the DRS analysis result indicating the lowest
CF strength, The lowest contribution of the broadband emis-
sion is observed for 3 mol% of Cr''. The differences in CR
strength for closely doped materials are reported for other
hybrid compounds containing Cr'" ions. This might have
resulted from differences in the distribution of energy levels of
Cr'" ions within the organic-inorganic structure. The investi-
gated materials exhibit stability during heating-cooling cycles.
The thermal stability of a representative material is presented
in Fig. S5, The observed temperature-dependent emission
behaviour, particularly the non-uniform quenching of spectral
features, offers a promising foundation for the development of
luminescence-based thermometric models.

Luminescence thermometry

Luminescence thermometry is gaining more interest because
of the remote, rapid and high sensitivity sensing.''*"
Currently, the most commonly described thermometric
models are those based on the change in the intensity ratio
between two emission bands (the ratiometric method) and
those relving on changes in luminescence lifetime. The ratio-
metric method is widely applied in lanthanide compounds
and thermometers based on the luminescence of Cr'* jons.
Nevertheless, the lifetime-based method shows considerable
promise, particularly for materials prone to rapid thermal
quenching of luminescence. Herein, we present a comparison
of thermometric properties in sensors based on two types of
thermometric models—a ratiometric model and a model
based on luminescence lifetimes.

Ratiometric approach

Among different thermometric approaches, the ratiometric
method is the most frequently reported method.*™ This
strategy involves analysing the changes in the intensities of
two emission bands with temperature. To evaluate the sensing
capabilities of the studied materials, the luminescence inten-
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sity ratio (LIR) ts employed. This parameter represents the
ratio between the intensities of selected thermally sensitive
emission bands:

LIR = :: (1)
where /, and /1, stand for integral intensities of two thermo-
metric regions. The selection of thermometric ranges 1, and /,
is presented in Fig. 4a. Within the investigated series, the
implementation of ranges 675-692 nm (/;) and 710-1000 nm
(1) provides the optimal thermometric conditions. The chosen
intervals show different quenching progressiveness, which is
crucial from the thermometric point of view (Fig. 4b). The col-
tation of the calculated LIR parameters for the series of [EA]
Mg, Cry_(HCOO), (where x = 0, 0.01, 0.03, and 0.05) is pre-
sented in Fig, dc.

The investigated materials exhibit different dependencies of
the FIR parameter values on temperature. Materials containing
1 mol% and 5 mol% of chromium{m) show similar character-
istics, whereas the material with 3 mol% of Cr'' ions exhibits
significantly higher LIR values. This results from a different
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the comparison of the nomullzed emission spectra at vanous temperatures: and {d) thermal quenching of the "G.,

Az, luminescence with the

shape of the luminescence spectra. For materials containing
1 mol% and 5 mol% chromium(m) jons, higher intensity of the
broad *T,, — ‘A, emission is obsenved. In the case of the
material containing 3 mol% of chromium{m), the intensity of
this transition is lower. This difference leads to substantially
different LIR values. The suppression of the *T,, — ‘A, emission
causes the lower value of the [, parameter and, consequently, a
higher LIR value. To provide a more comprehensive description
of the usefulness of the obtained thermometers, the relative sen-
sitivities (S,) are calculated with the following equation:

R 1 }dl.lk'

S, =

LIR | dT

where dLIR is the change of the LIR over the temperature
change dT. The influence of temperature on the values of §, is
presented in Fig. 5a. The investigated materials are character-
ized by high relative sensitivity, which varies as a function of
temperature. The maximum values of relative sensitivities are
2.69% K~' (120 K), 3.07% K’ (130 K), and 2.48% K~' (120 K)
for samples containing 1 mol%, 3 mol%, and 5 mol% of chro-
mium{m) ions, respectively. The highest relative sensitivity was
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Fig. 4 (a) Temperature-dependent luminescence of [EAIMgg 4Cre 0s(HCCO)x: (b} thermal quenching of the 1y and /; range with temperature; and

(¢) the temperature-driven reduction in the LIR parameter.

obtained for the sample containing 3 mol% of Cr'" ions,
which results from the most progressive reduction of the LIR
parameter (Fig. 4¢c). The deviation from the observed trend at
100 K and 110 K is an instrumental anomaly resulting from a
temporary instability of the apparatus.

The other materials, which exhibit similar LIR-temperature
dependencies, also show analogous relationships between sen-
sitivity and temperature.'"'™** The obtained results are a valu-
able addition to the current state of knowledge and highlight
the particular potential of hybrid materials containing Cr'’
ions, where dLIR is the change of the LIR with the temperature
change dT. The influence of temperature on the values of S, is
presented in Fig. 5a. The investigated materials are character-
ized by high relative sensitivity, which varies as a function of
temperature. The maximum values of relative sensitivities are
2,69% K™* (120 K), 3.07% K ™' (130 K}, and 2.48% K ' (120 K]
for samples containing 1 mol%, 3 mol%, and 5 mol% of chro-
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mium{m) fons, respectively, The highest relative sensitivity was
obtained for the sample containing 3 mol% of Cr'* ions,
which results from the most progressive reduction of the LIR
parameter (Fig. 4¢). The deviation from the observed trend at
100 K and 110 K is an instrumental anomaly resulting from a
temporary instability of the apparatus.

The other materials, which exhibit similar LIR-temperature
dependencies, also show analogous relationships between sen-
sitivity and temperature.'®**" The obtained results are a valu-
able addition to the current state of knowledge and highlight
the particular potential of hybrid materials containing Cr''
ions.

To further assess the thermometric efficicncy, the operating
range of the thermometer is determined following the method-
ology described by Bednarkiewicz et al** The change in temp-
erature detection uncertainty as a function of temperature is
presented in Fig, 5h. Additionally, the operating ranges of each
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Fig. 5 {al The comparison of the relative sensitivities of investigated thermometers and (b) temperature detection uncertainty with operating

ranges.
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thermometer are presented in the graph. The widest operating
range is achieved for the sample containing 3 mol% of Cr''
ions, The obtained results confirmed particular usefulness of
optical sensors operating in strong crystal fields. Additionally,
the thermal resolution of the readout is determined according
to Brites et al.” The investigated materials show a sufficient
thermal resolution within the operating ranges (Fig. S5). The
thermal resolution less than 0.05 K within the operating range
indicates the high practical potential of the presented
approach for remote temperature sensing.

Lifetime-based method

The analysis of luminescence lifetimes represents an alterna-
tive approach, less commonly reported in the scientific litera-
ture, to thermometric model determination. Nevertheless, due
to its potential for delivering reproducible signals and its
applicability to materials exhibiting only a single emission
band, the use of the lifetime-based method may significantly
exceed the potential of optical thermometry,

The observed reduction in Cr’* luminescence lifetime with
increasing temperature is primarily attributed to the enhance-
ment of non-radiative decay processes. In an octahedral crystal
field environment, Cr'” ions (3d” electron configuration) typi-
cally emit luminescence at low temperatures via spin-forbid-
den transitions from the “E, — ‘A, level to the ground state.
As the temperature rises, thermal activation facilitates a popu-
lation of the higher-lying 'T'y, state, leading to a redistribution
of the spin-allowed and shorter-lived *I',; emission. This
results in a measurable decrease in the luminescence lifetime,
Simultaneously, elevated temperatures increase the likelihood
of non-radiative relaxation mechanisms, further contributing
to the lifetime reduction. Regarding the influence of Cr'" con-
centration, at low doping levels, Cr'* ions remain well-isolated
within the host lattice, minimizing concentration quenching.
However, with increasing dopant concentration, the average
distance between Cr'' jons decreases, facilitating energy trans-
fer between neighboring ions. This non-radiative migration
can channel energy toward structural defects or impurity sites,
where it is dissipated without photon emission, thereby short-
ening the observed lifetime. At even higher concentrations,
cr''-¢r'' interactions may lead to the formation of ion pairs
or clusters, introducing additional non-radiative pathways and
significantly reducing both luminescence lifetime and
intensity.

In lifetime-based thermometry, the luminescence intensity
ratio (LIR) is replaced by the average luminescence lifetime
(fag) as a function of temperature, This parameter is defined
by the following equation:

It)t

Fave = 100

where J(t) is the signal intensity at a given time t. The average
luminescence lifetime is dependent on the chemical compo-
sition of the materials. The comparison of the 7, at 80 K is
presented in Table 1. At 80 K, the reduction of the average
luminescence lifetime takes place with an increase in Cr'’ jon
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concentration. Such a phenomenon is related to the concen-
tration guenching and is reported for other series of hybrid
perovskites containing Cr'’ jons.'™"?

The investigated materials exhibit significant influence of
temperature on luminescence decay (Fig. 6a). The resulting
average decay times as a function of temperature are shown in
Fig. 6b. A summary of the experimental conditions in decay
curve determination s presented in Table S2. A decrease in
the average luminescence lifetime is observed with increasing
temperature, reflecting a quasi-Arrhenius-type behaviour. The
applied method for determining the thermometric model
involves first caleulating the average luminescence lifetime as
a function of temperature, Then, the dependence of 7, on T
is fitted, which allows for obtaining a continuous variation of
the ¢ parameter with temperature. To provide a continuous
variation of the thermometric parameter, a nonlinear fitting
procedure is applied using the following equation:

o (1) = ——

1+ Aexp (— ﬁ)
where 1 is the average lifetime at the lowest investigated temp-
erature, A is a preexponential parameter, k is the Boltzmann
constant, and AE is thermal quenching energy. The detailed
characteristics of the obtained fitting curves are summarized

in Table S3.

The obtained fitting curves are further used to caleulate

relative sensitivity following the same principle as for the ratio-
metric approach:

!
55~

dry

dr

where dey, is the change of the fitted thermometric parameter
(zr) over the temperature change d7. The influence of temp-
erature on the calculated value of S, is shown in Fig. 6¢c. The
collation of the calculated values of 1, combined with fitting
functions as well as relative sensitivities for other materials is
presented in Fig. S7a-f.

Within the Mg-series, there is no visible correlation
between the chemical composition of the thermometer and
the obtained relative sensitivity, The highest relative sensitivity
is observed for the material containing 1 mol% of Cr'" jons
(2.97% K™, 140 K). Other materials show significantly similar
values equal to 2,90% K™ (139 K) and 2,94% K™' (138 K) for
3 mol% and 5 mol%, respectively. A summary of the maximal
S, values with the corresponding temperatures is presented in
Table 1.

Table 1 A summary of the thermometric characteristics of the lifetime-
based method

CI"' content 'm; ok Sv. mac Tﬁr. mas
1 mol% 0.72 ms 297% K" 140 K
3 mol% 0.69 ms 2.90% K"’ 139K
5 mol% 0.55 ms 2.94% K™' 138 K
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highast value.

The obtained values of 5, are comparable to those with the
ratiometric approach, which indicates the significant potential
of the performed methed in luminescence thermometry. The
reduction of the temperature of the maximal S, value (T, )
is correlated with increasing chromium(m) concentration. The
change of the Ty, . 8s a function of the chemical compo-
sition has been previously reported for a wide range of chro-
mium concentrations (from 21 mol% to 100 mol%) in
[EA];NaAl,_,Cr (HCOO).. The obtained results of lifetime
thermometry show a usefulness comparable to that of the
ratiometric approach. The implementation of the double-
mode luminescence thermometry may significantly extend
the possibility of more accurate and precise temperature
monitoring.

The thermometric properties of the investigated material
can be contextualized by comparison with previously studied
Cr''-doped hybrid formates. In the work by Kabanski et al, a
series of [DMAJMY__ Cr,(HCOO), (M" = Zn*', Mn™", Mg*", Ni*’,
Co™"; x = 0-0.05) erystallizing in the R3c phase was examined.'”
The investigated materials exhibit intermediate/strong crystal
fields. The highest relative sensitivity of 2.5% K™' (160 K) was
reported for [DMAIMn, 45Cry 0s(HCOO)s. The Zn''- and Mg* -
based derivatives showed maximal values of 2.4% K™ (165 K|
and 2.2% K™' (150 K), respectively. In the Mg series, a shift
in the temperature with maximum sensitivity was observed
with varying Cr'" content—an effect not present in other
single-perovskite systems.

Stefaniska et al investigated [GAJMY  Cr{HCOO), (M" =
Zn', Mn™', Mg"'), crystallizing in the Pnna space group.™
These materials exhibited no phase transitions and showed
increasing crystal field strength (Dg/B = 2,29-2.43) with higher
Cr'' content. The $pectroscopic properties suggest, in turn,
lower erystal field strength compared to those of other reported
series of bybrid materials. The highest S, (2.08% K™, 90 K)
was recorded for the Mg*' sample doped with 1 mol% Cr'",
while other compositions yielded about 1% K.

15906 | Oafton Trans, 2025 54, 15899-15908

ity with temp sre, where 5, max denotes the

Taking into account the size of the organic cations (DMA” <
EA' < GUA'),"™ it can be observed that an increase in amine
size results in a decrease in the relative sensitivity of the ther-
mometric materials. In the case of cations with comparable
sizes, such as DMA' (272 pm) and EA' (274 pm), the linearity
of the organic cation may become a significant parameter. The
highest sensitivity among the investigated materials s
observed for compounds containing the EA” cation, which fea-
tures a more linear structure than DMA'.

This may represent a significant milestone in the more con-
scious and efficient design of new thermometric materials.

Overall, Cr'-doped hybrid formates demonstrate signifi-
cant potential for optical thermometry. Their tunable spectro-
scopic properties, driven by their chemical composition and
structure, offer valuable adaptability for temperature sensing
applications using both ratiometric and lifetime-based methods,

Conclusions

A series of materials with the general formula [EA]
Mg, Cr(HCOO), (where x = 0, 0.01, 0.03, 0.05) was syn-
thesized using a slow-diffusion method, Powder X-rav diffrac-
tion (pXRD) analysis confirmed the phase purity and struc-
tural stability of the materials across the investigated Cr*' con-
centration range. Due to the charge mismatch between Cr''
and Mg"* ions, the maximum achievable doping level was
limited to 5 mol%, consistent with findings for other reported
hybrid compounds. Diffuse reflectance spectroscopy (DRS)
analysis indicated a medium/strong crystal field, which
was further supported by complementary spectroscopic
measurements.

The synthesized materials exhibit pronounced lumine-
scence upon 405 nm excitation, At 80 K, the emission from the
“E level is significantly more intense than that from the 'T,,
level. The emission intensity shows a strong dependence on
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temperature, which enabled the development of a lumine-
scence-based thermometric model relving on the intensity
ratio of the two emission bands, The resulting emission-based
thermometer demonstrated high relative sensitivity (up to
3.07% K, 130 K).

Additionally, to further explore the thermometric potential,
the temperature dependence of the luminescence lifetime was
investigated for the first time in this class of hybrid com-
pounds, The lifetime-based mode] exhibited relative sensitivity
comparable to that of the ratiometric method (2.97% K™,
140 K). Moreover, comparative analysis with other hybrid com-
pounds revealed ua potential correlation between the cation
size and expected relative sensitivity of the thermometric
materials. An increase in amine size may lead to a decrease in
sensitivity. Among similarly sized cations, the higher sensi-
tivity observed for EA'-based compounds may result from its
more linear molecular structure compared to that of DMA’,

This finding represents an important step toward the
rational design of high-performance optical thermometers.
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Table 51. The collation of the Racah parameters, Dg and Dg/8

| Metalion | cr* content Dg B C Da/B /B
1 mol.% 1671 6E7 3159 243 4,60
Mg 3 mol.% 1685 GEE 36l 245 4,59
5 mol.% 16749 | 642 3250 2.61 5.06
Table 52. The experimental conditions of the decay curves measurements
Sample
Parameter | 1 mol.% | 3 mol.% 5 mol.%
P 405 nm
Hobe, 686.25nm | 6%6.5 nm 6875 nm
Time eate 10 ms
Step | 2.5 ps
Frequency 12.5 Hz
Excitation bandwidth 3 nm
Detection bandwidth T nm
Tsin A K
Tensa 20K

Table 53. The details of the fitting curves for lifetime-based thermometric models

@ i
. Tppld ) = ——————-
Equation 14 Aexp(— E)
kT
k= 0.69503474
Sample
I mol. % 3 mol. % 5 mol. %
Ty 0, 70832 £ 0,001491 068517 £ 0.01499 (0.5423 £ 0.01218
A 002 51432 £ 10064203 RE0.2TOT2 + 257 S5884 BHS.08165+ 27108775
AE 600.59637 + 30,1 3762 58683573 + 2992761 570.009964 + 30 BA158
| Reduced Chi-Sqr | 2687 16E-4 2.58591E-4 1.53489E-4
R.-Square (COD) 0.99619 0,996 099622
0.99556 0.99534 0.995460

Adj. R-Square
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Optical thermometry has ganed sgnificant attention due, in particular, to its usefulness, with high
sensitivity, rapid response, and remote measurement capability. The group of metal-organic frameworks
IMOFs) contaireng Cr** ons has become a promising material for developing & new branch of optical
sensors for low-temperature solutions, Herein, we present possible ways 10 optimize thermometric
properties, with particular emphasis on relative sensitvity (5,). By comparing differert methods of
determining the thermometne model it 1s possible to observe the impact of individual approaches on
the obtained thermometric charactenstics. What is more, we report structural and spectroscopic studies
of a series of [EAJMmy ,Cr,[HCOQ), where EA = ethylammonium cation, and x = 0, 0.01, 0.03, and 0.05
Described materials exhibit perovskite-like architectures and a strong dependence of spectroscopic
praoperties on the composition of host matenals, dopant concentration, and environmental temperature.
XRD analysis provided information on the relationship between chemical composition and structural
properties. Investigated samples exhibited spin-forbedden emission and a significantly red-shifted broad
emission band The particular usefulness of hybrid compounds containing Cr'* for luminescence
thermometry Is confirmed with temperature-dependent (80-300 K| photoluminescence and lifetime
measurements, The obtained results show the extraordinary potential of hybrid compounds for lumines-
cence thermometry, depending on the chosen thermometric method (S, up to 514% K at 143 ¥, So
far, this Is the highest 5, value ever been reported for a luminescent thermometer based on hybnd
organic-inorganic formate perovskite doped with Cr'* ions. In this work, we demonstrate a comparison
of different methods of thermaometric model determination, based on the ratiometnc approach and life-
time analysis. The presented results show the significant importance of thermometnc model determina-
tion and optimezation, which may not only increase the obtained sensitivity of the thermometer but also
extend the operation range.
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other temperature-dependent spectroscopic properties - such
as the full width at half maximum (FWHM) or polarization -

Introduction

Luminescence thermometry is a novel approach to remote
temperature monitoring, and is gaining increasing attention
due to its significant advantages over traditional contact
thermometers.! * Sensing solutions based on luminescent
compounds provide high sensitivity, remote and fast measure-
ments, and minimization of some effects of external factors,
such as strong electromagnetic fields.* ® There are three most
common approaches to optical temperature monitoring: ana-
lysis of a change In an emission lifetime; monitoring the
spectral shift of a specific band; and the comparison of the
emission intensity of two ranges differing in thermal quench-
ing progressivity (a ratiometric method)."™ Nevertheless,

nstitute of Low Temperature and Structure Research, Polisk Acadermy of Sciences,
Wroclaw, Poland. E-mml: o kebarmsks ibs pl, d stefarskagpintibs pl

This journal 1= © The Royal Society of Cnemistry 2025

can also serve as a basis for developing a thermometric
model.* "

There are many luminescent materials exhibiting sufficient
spectroscopic properties to determine a thermometric model.
The significant majority of such materials are based on inor-
ganic host materials doped with rare-earth (RE) elements,'*
Nonetheless, compounds containing transition metal (T™M) ions
have attracted increasing attention due to their promising
thermometric functionality, comparable to RE-based solu-
tions, "'"1¥ Wwithin the context of luminescence thermometry,
the potential of transition metal ions is particularly evident in
the group of hybrid organic-inorganic materials containing
cr‘t' ions“.?.l?,l!

Over the years, the group of hybrid organic-inorganic com-
pounds with perovskite-like structures has attracted increasing

£ Mater Chem C, 202513, 23935-23944 | 23935

167



Published on 03 November 2025, Downloaded by Instytur Niskich Temperatur on 1/19/2026 12:16:06 PM.

168

Paper

attention due to the exhibition of a wide variety of
properties.”*” ' Such compounds, forming a metal-organic
framework (MOF), are particularly known for their extraordin-
ary magnetic, ferroelectric, multiferroic, and spectroscopic
chatacteristics.”™ The general formula of perovskite-like
materials can be distinguished as ABX,, where A is an organic
cation, B stands for divalent metal lons, and X is a monovalent
anion, Nowadays, the subgroup of halide-based hybrid perovs-
kites, such as CH;NH,PbCI,, has been successfully implemen-
ted in photovoltaic systems.”"* However, the implementation
potential of hybrid materials is significantly wider. By the
replacement of A, B, and X linkers, a significant change in
the ferroelectric, magnetic, optoelectronic, and luminescence
properties can be observed. Among the various hybrid perovs-
kites, the subgroup of formate-based compounds (X = HCOO |
shows several interesting features, such as ferroelectricity
and multiferroicity, as well as linear and nonlinear optical
properties.'”'"*? Considering Juminescent materials, signifi-
cant attention should be paid to hybrid formates containing
Cr*' ions. Due to their chemical stability, strong luminescence,
weak concentration quenching, and strong thermal quenching,
this group of hybrid compounds has been successfully
applied as luminescent thermometers for remote temperature
sensing.”"** The implementation of Cr'" ions in a hybrid
organic-inerganic structure provides a luminescence center
that is strongly sensitive to the local environment, described
by the crystal-field (CF) strength,**** There are two main types
of transitions observed in the luminescence spectrum of chro-
mium trivalent ions: narrow spin-forbidden “E;, — A, and
broad spin-allowed "Ty, — 'A,,. At low temperatures, only one
tvpe of emission is observed. The increase in temperature
induces the thermal population of the higher energy level
and, consequently, promotes the occurrence of both narrow
*Ey ~ 'Ayp and broad Ty, - ‘A, emissions, However, in a
strong crystal field, the emission from the “E, level is the only
one observed. In a weak CF, in turn, the narrow emission
assigned to “E, — ‘A, is fully suppressed, while broad emis-
sion from the “T., level becomes dominant. In the intermediate
crystal field, the coexistence of these two types of emission may
take place. What is more, in some Cr''-doped compounds, the
creation of an additional emission band corresponding to the
cr*'-cr'' pair luminescence may be observed.”*” Materials
containing Cr'" ions have found wide application in phosphors
emitting in the visible and near-infrared regions.™ ™

The increase in temperature causes the thermal quenching
of luminescence. Nonetheless, the reduction in the intensity of
spin-allowed and spin-forbidden emissions, as well as addi-
tional, longer-wavelength emission bands, does not progress
equally. Thus, the determination of the thermometric model
based on the intensity ratio between emission bands can be
performed.”” In the field of luminescence thermometry, both
approaches, based on the analysis of different types of emission
(from *E; and “T; levels) as well as the intensity ratio between
the R-lines, as in the case of ruby, can be encountered, ™™

The luminescence lifetime is also significantly dependent
on the temperature. This particular change in spectroscopic

23936 | [ Marer Chem. C, 2025 13, 23935-23944
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properties is another noteworthy approach that may be applied
to remote temperature sensing. ™' However, the luminescence
thermometry based on the emission lifetime in hybrid perovs-
kites doped with Cr'" fons is an almost unexplored area.

Herein, we report the synthesis as well as structural and
spectroscopic properties of the series of [EA]Mn, ,Cr,(HCOO),,
where x =0, 0,01, 0,03, 0.05, The structural characteristics of the
obtained materials are investigated using various methods,
such as PXRD. Optical spectroscopic techniques, including
diffuse-reflectance spectroscopy and luminescence decay time
measurements, are applied to provide comprehensive results
showing the relation between structural and spectroscopic
characteristics in hybrid materials containing Cr'' jons, Parti-
cular attention is paid to the implementation of the investi-
gated compounds as luminescent thermometers, We extend
the conventional thermometric methods with an additional
point of view by presenting a comparison of thermometric
properties in systems operating independently in a ratiometric
and lifetime-based manner. Such an approach may be a valu-
able way to increase the sensitivity and reduce the temperature
detection uncertainty in hybrid perovskites containing Cr"’
ions. For this purpose, several types of thermometric models,
based on different approaches (various ratiometric models
and lifetime-based), are presented, including caleulations of
obtained sensitivities and sensing range. This work is an
attempt to compare various thermometric approaches within
the same material. We believe that optimization of the thermo-
metric model is a required key step toward designing more
sensitive and accurate luminescent thermometers.

Experimental

Synthesis

In the synthesis we used commercially available precursors
(without further purification) such as ethylammonium
hydrochloride {984%, Sigma-Aldrich), formic acid (=98%,
POCH), anhydrous methanol (MeOH) (99.8%, Sigma-Aldrich),
chromium(i) chloride hexahydrate (=98%, Sigma-Aldrich),
manganese chloride { =99%, Sigma-Aldrich) and triethylamine
(= 98%, Sigma-Aldrich). To synthesize [EA]Mn, Cr(HCOO),
{where x = 0, 0.01, 0.03, 0.05), the low-diffusion method was
used. First, two solutions were prepared: A (heavy phase) and
solution B (light phase). Preparing solution A involved dissol-
ving EA (8 mmol, 0.6523 g) in 7.5 ml of MeOH, then adding
1.5 ml of HCOOH and 0.7 ml of triethylamine. Preparing
solution B involved dissolving MnCl, (2 mmol, 0.2517 g, for
the undoped sample) and a stoichiometric amount of CrCl, in
5 mL of MeOH. After that, a syringe was used to transfer the
solutions to a test tube (1 cm diameter, 18 em length), The
crystals were collected after one week, washed several times
with MeOH, and left to dry in air. The solubility of the obtained
compounds was tested in methanol, ethanol, isopropanol,
acetonitrile {AcCN), and N N-dimethylformamide (DMF), The
materials were found to be insoluble in the alcohols and AcCN,
and only partially soluble in DMF. Solubility tests in water
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revealed that the compounds did dissolve. Prolonged exposure
to moisture in the air (over several months) led to partial
surface decomposition of the erystals. However, photolumines-
cence studies showed no significant impact on the recorded
emission spectra. Nevertheless, the crystals should be protected
from moisture for long-term storage,

Materials and instrumentation

The purity of the samples was determined using powder X-ray
diffraction (PXRD) on an X'PertPro X-ray diffraction system
(PIXcel detector and Soller slits for CuKz Ni-filtered radiation,
/= 1.54056 A, ¥V = 40 kV, / = 30 mA). The diffuse reflection
spectra were obtained by using a Varian Cary 5E UV/VIS-NIR
spectrophotometer (Varian Incorporation, Palo Alto, CA, USA)
with a 0.5 nm step, Emission and temperature-dependent emis-
sion spectra were registered using a Hamamatsu PMA-12 photonie
multichannel analyzer equipped with a BT-CCD linear image
sensor (Hamamatsu Photonics KK, Shizuoka, Japan) under
100-200 ms exposure time (25-time-repetition). A long-pass
GG350 filter was applied. Photoluminescence decay curves, includ-
ing their temperature dependence, were obtained using an
FLS1000 spectrofluorometer (Edinburgh Instruments, Livingston,
UK) with a 10 ms gate and a 0.025 ms step. The sample
temperature was controlled using a Linkam THMS600 heating/
freezing stage (Linkam Scientific Instruments, Tadworth, UK),

Results
Structural properties
A series of materials were investigated with the general formula
[EA]MnN, .Cr (HCOO), belonging to a metal-organic frame-
work (MOF) in which metal ions were connected by HCOO
linkers, forming a developed threedimensional system,
Organic cations were placed in the voids of the framework
(Fig. 1). The structural properties of the undoped [EAIMg{HCOO),
material have been reported recently.”™ At room temperature,
[EAMMg(HCOO), crystallizes in the non-centrosymmetric Pna2,
space group, without reported phase transitions,

To verify the quality of the obtained materials and assess the
structural impact of Cr'' ion incorporation, PXRD diffracto-
grams were collected and compared with simulated patterns

Fig. 1 The visuabization of the [EAIMn,_,Cr (HCOQI,,

This jouma 12 © The Royal Society of Cnemistry 2025

View Article Online

Paper

derived from single-crystal data. As shown in Fig. S1, all
synthesized samples show sufficient quality and confirm the
possibility of aliovalent doping with Cr'' jons up to 5 mol%.
Similar to related hybrid perovskite materials containing Mn*’
ions, it was possible to synthesize compounds with a maximum
Cr' ion content of 3 mol%. This limitation arises from charge
mismatch, which prevents the formation of a stable crystal
structure at higher dopant concentrations. An increase in Cr'
ion concentration leads to a widening of the peak separation
near 14.8°, accompanied by a decrease in the scparation of
peaks around 20.5 , Additionally, diffraction lines near 19.5°,
21.67, 26.8 , and 29.7 gradually disappear, while a new peak
emerges around 2587, These changes in signal intensity and
position are likely due to the formation of structural defects
that destabilize the crystal lattice. Similar phenomena have
been observed in other single-perovskite materials doped
with Cr'' ions, including those incorporating GA' and DMA'
cations.'™™ In the investigated single perovskite, Cr'* ions
replace Mn*', causing a valence mismatch. As a consequence,
two optical Cr'* sites can be expected to be regular and
defective.

Diffuse reflectance spectroscopy

To indicate the presence of chromium trivalent ions in hybrid
organic-inorganic materials, diffuse reflectance spectroscopy
(DRS) is applied. For the investigated materials, the collation of
DRS spectra is presented in Fig. 2. For the undoped sample, the
presence of manganese(u) ions causes the creation of several
low-intensity absorption bands assigned to the series of clec-
tronic transitions from the "A,, energetical level. For the
materials containing Cr'* ions, three characteristic absorption
bands of chromium(in) jons can be observed: ~14500 ¢em™’
(*Ay = “Eg), ~1700 em ' (*Ay, —+ 'T,,) and ~23600 ¢m™!
(*Azy — "Tyg). Although most of the manganese{n) absorption
bands are shadowed by absorption bands assigned to

Crconcantration =0 mol W =1 mol % 3 mot % & mol %

. T Te
] ]

Normalized absorbance

“',.: - N ~ Kl
A
12000 17000 22000 27000
Energy (eV)

Fig. 2 The diffuse reflectance spectra of [EAIMn, ,Cr, (HCOO),
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transitions in Cr'' fons, the absorption band ~24700 em ™',
assigned to the °A,g - 'A,, M electronic transition, is still
observable. Comparable results are reported for another
Mn-based formate perovskite containing Cr'' jons,””

Usually, the obtained results of diffuse-reflectance analysis
for Cr''-based materials are used to determine the crystal field
(CF) and Racah parameters. The Dg/B ratio describes the crystal
field strength and is widely used to describe the interaction
between host materials and Cr'* ions.”'7'* However, due to the
overlap of Cr''- and Mn’"-related absorption bands, the caleu-
lated values are affected by considerable uncertainty.

Thus, the initial estimation of the crystal field strength
should be performed according to the analysis of the metal-
ligand distance, which was successfully implemented for other
hybrid compounds doped with Cr*' ions,* The analogous
compound [DMAIMn(HCOO),, where DMA’ stands for
dimethylammonium cation, shows a slightly higher value of
distance-related crystal field parameter 1/R* (0.0199) than the
EA-based compound (0.0196). However, the obtained value is
significantly lower than the CF strength for Zn®' and Mg"' -
[DMAJM{HCOO), derivatives, which are equal to 0.0236 and
0.0250, respectively. The collation of the octahedra parameters
for the [EA]Mn(HCOQ), is presented in Table S1.

Optical properties

The undoped [EA]Mn(HCOO}; compound does not show the
luminescence of the Mn*" fons, which is caused by the signi-
ficant concentration quenching. At §0 K, the emission spectra
of [EAIMN, 4;Cry 44(HCOO), contain several narrow bands with
the highest intensity observed for 685.4 nm (named R, line) as
shown in Fig. 3a. This emission band is assigned to the 'E, —
*Ay, spin-forbidden transition. The corresponding Stokes side-
bands are localized at 697.1 nm, 725.4 nm, and 753.1 nhm. An
increase in concentration of the Cr'' jons induces the for-
mation of the broadband emission within the 720-950 nm
range (Fig, 3b and Fig. §2). The materials exhibit temperature-
dependent emission with the change of the shape and intensity
of the emission spectra. An increase in temperature induces a
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reduction in luminescence intensity; however, the thermal
quenching is not equally progressive within the monitored
emission spectrum. The most rapid reduction in intensity is
observed for the R, line. The contribution of the broadband
emission, in turn, increases as the temperature rises, The
comparison of the normalized PL spectra at 80 K and 160 K
is presented in Fig. 3¢ and Fig. $3. The luminescence of all of
the investigated materials is fully quenched at around 300 K,
Usually, Cr*-doped compounds may exhibit two types of
emission - narrow spin-forbidden “E, — *A,, and broadband
spin-allowed assigned to the *T,, - A, transition. However,
the investigated materials exhibit a particular redshift of a
broadband emission compared to other hybrid materials.™ """
The highest contribution of the broadband emission is observed
for the greatest concentration of the Cr'* jons. The maximum of
this particular band is around 815 nm. Typically, the broadband
Ty = 'A;, emission is expected around 750-790 nm,”'7"* At first
glance, it appears that the significant redshift of the broadband
Cr'*-based compounds may be attributed to the formation of
the Cr''-Cr'" pairs, which was presented for several inorganic
materials doped with transition metal ions.™ ™" To verify the
origin of the observed broadband emission, the excitation spectra
at 80 K and 160 K have been measured (Fig. S4). There is a
particular similarity between recorded excitation spectra of the R,
line and broadband emission, however, the shift of the excitation
band measured for the broadband emission is observed. Such a
phenomenon was reported for a LaMgGay, ;Cr, -0 between
890 nm and 1200 nm emission ranges.™ However, the analysis
of the luminescence decay curves for the two investigated emission
bands provides additional information (Fig. 4 and Fig. S5). The
comparisons of decay curves for the R, line measured at 80 K are
presented in Fig. 4. Due to charge mismatch in the local environ-
ment of Cr'' jons and pessible local structural distortions, the
observed luminescence decay kineties exhibit a double exponential
character. An increase in Cr'* concentration leads to a reduction in
average lifetime. Such a relation is reported for a series of hybrid
perovskites containing Cr'’ jons, '™ An increase in tempera-
ture induces a reduction in the luminescence lifetime, A more
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Fig. 3 (8] The temperature-dependent fuminescence of [EAIMNG 5701, oi(HCOO);: () the focus on broadband emission range; (¢) the compartisan of
normalized luminescence spectra of Mn-based compound doped with 3 mol% of Cr'* icns at 80 K and 160 K

23938 | [ Mater Chem C, 2025, 13, 23936-23944

This journal is © The Royal Society of Chemistry 2025



Published on 03 November 2025, Downloaded by Instytur Niskich Temperatur on 1/19/2026 12:16:06 PM.

Journal of Materials Chemistry C

1

Criconcentration;
——1 mol.% Cr >
——3mol% Cr ™

-% mol. % Cr ™"

fy e ® 078 Ms
Tpas = 040 ms

M

0.01

Normalized intensity

0.001 -

Time (ms)

Fig. 4 The comparison of the decay curves of [EAIMn, . Cr [HCOO)y, x =
(0.01, 0.03, 0.05) at B0 K under 405 nm excitation with calculated values
of average luminescence lifetimes,

comprehensive analysis of the temperature-dependent lumines-
cence lifetimes is presented in a further part of the work (see
section Luminescence thermometry), The luminescence lifetime
for the broadband emission monitored at 15 nm is also double
exponential with very short decay time 16 ps (z,) and 47 ps (2, at
80 K and 0.8 ps (7,) and 6,7 ps (z;) at 160 K (Fig. S5). The
determined LT values are chamacteristic of the ‘1., — ‘A
clectronic transition, typically, the LT of the emission band
associated with Cr''~Cr'" pairs should be much longer, around
ms. "™ It should be noticed that a red shift of the “T,, - ‘A,
transition may also occur and be related to the reduction of the
crystal field interacting with Cr'* jons and increasing the average
Cr''-0* distance, To compare, the average Cr''-0* distance in
the investigated Mn analog is significantly longer (2.1949 A) than
that for the Mg-based ethylammonium formates (21025 A)Y
Moreover, the registered PL is attributed to Cr'' located in two
distinct Cr'” sites (regular and distorted). An analogous situation
has been reported recently for other single perovskite materials
doped with Cr’* ions, containing GA" and DMA' cations."™" The
broadband emission is actually a superposition of two emission
bands associated with depopulation of the “T; level by these two
Cr'' jons. If the amount of distorted Cr* position is significant in
relation to Cr' in the regular environment, it is visible on the
emission spectrum as a redshift of the band'’s center of gravity.

Luminescence thermometry

In this work, we focus on the comparison and analysis of the
performance of two main thermometric approaches (Fig. 5)
ratiometric and lifetime-based. The ratiometric method is
further divided into three groups to construct the differing
thermometric parameters, LIR (luminescence intensity ratio).
Analysis of the influence of different thermometric ranges may
show the most suitable combination of investigated bands for
luminescence thermometry, The lifetime-based approach is

This journal 1= © The Royal Society of Cnemistry 2025
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based on the analysis of the average luminescence lifetime
observed for the R, line.

Ratiometric approach

One of the most common approaches is the comparison of
intensities of two emission bands as a function of temperature,
which is the so-called ratiometric approach.

To determine the sensing performance of the investigated
materials, the luminescence intensity ratio (LIR) is caleulated,
This parameter is defined as the ratio of intensities of specific
thermometric ranges:

LIR = A (1)
In

where I, and 7, stand for integral intensities of thermometric
regions A and B, respectively, The thermometric range is
undesstood as the portion of the emission spectrum that is
used to caleulate the integral intensity, which is later applied to
determine the LIR. To optimize the thermometric method, four
integration regions are selected (Fig. 5). Next, three lumines-
cence intensity ratios are determined as a ratio between the 1,
range and: £, (LIR.); £5 (LIRy.); 1y (LIR,,), and their impact on
the sensitivity is compared. The collation of the range used for
the analysis is presented in Table 1. The comparison of the
temperature dependence on the normalized integral intensities
of thermometric regions /,-1, for an exemplary compound of
the material doped with 3 mol% of €' fons is presented in
Fig. 6a. The significant similarities of values calculated for 1,
and /, indicate that both thermometric ranges can be assigned
to the same “E, — *A,, transition. The different progressivity of
the thermal gquenching of luminescence is observed for the 1,
and /, ranges. Differences in the progress of thermal quenching
in specific thermometric areas lead to changes in the shape of
the obtained dependencies between the LIR parameter and
temperature {Fig. 6b), The most rapid decrease in the LIR value
is observed for the LIR,, parameter. This change is related to
the differences between the progressivity of thermal quenching
of consistent thermometric ranges (1, and 1,). A less progressive
decrease is observed for LIR;. and LIR,, parameters, Due to the
significantly similar shape of the temperature dependencies of
the 7, and I, ranges, the observed change in LIR,, is extended.
To determine the usefulness of thermometers, the relative
sensitivity (S,) is calculated using the following equation:

3 | dLIR

S0 o7 @
where dLIR is the change of the thermometric parameter LIR at
temperature change d7. The influence of the temperature on
the calculated value of §, for an exemplary sample of
[EAIMIG 4-Ct 03 HOCOO), is presented in Fig, 6¢. The highest
relative sensitivity (3.91% K ') is observed for the thermometric
model based on the LIRy, parameter. The lowest, in turn, is
calculated for the LIR;; system (0.47% K '). The observed
significant difference is related to the less dynamic reduction
of the LIR,, parameter. From the thermometric point of view,
the implementation of two ranges differing in temperature
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Fig. 5 The investigated methods of thermometric model determination

Table 1 The summary of the thermometnc characteristics for the ratio-
metric method

Opetating

Cr'* content Thermometric ranges S, .., T, . range

1 mol% LIR: [, (676-691 nm) 3.34% K ' 120K 80-160 K

1, {720-950 nm)

3 mol% LIR;: I, (676-691 nm) 0.47% K ' 150K 100-180 K
15 (691-702 nm)
LIR,;: [y (676-691 nm) 3.44% K ' 140K 80-1B0K
I, (747-760 nm
HRye 1, (676-691 nm) 3.91% K ' 140K 80-160 K
1, (720-850 nm)
5 mol% LIR: [, (676-691 nm) 2.78% K ' 120K 80-140 K

1, (691-950 nm)

response is necessary to provide high sensitivity. Thus, the
general prediction concerning relative sensitivity can be per-
formed only via a comparison of the progressivity of thermal
quenching of the thermometric ranges.

Time (ms)

To further determine the thermometric performance, the
operating range of the thermometer is evaluated according to
the procedure presented by Bednarkiewicz ef el * To distin-
guish the operating range, the following conditions must be
fulfilled:

(S{T) = Su) * (dLIR(T) = SLIR(T)) (3)

where Sy, is the sensitivity threshold, dLIR(7) is an increment in
LIR value, and SLIR(T] is an error in the determination of LIR in
a given temperature 1. Sensitivity threshold depends on the
specific application requirements and is determined arbitrarily.
The widest range of operation range (80-180 K) is caleulated for
the LIR,; model. However, other thermometric models exhibit
sufficient operating ranges equal to 100-180 K and 80-160 K for
LIR,; and LIR,,, respectively, The application of specific ranges
has a crucial role in the optimization of thermometric perfor-
mance in Cr*'-based hybrid compounds. Considering the
operational range of 80-180 K and the maximum relative
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Fig. 6 The thermometric analysis of the exemplary compound of [EAIMNg ¢7CrapsiHCOQ): (a) the compardison of the thermal quenching of
thermametric areas. (b} the change in thermormetric parameters IR as a funchon of temperature; (o) relative sensitivities for vanous thermometric

modals.
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sensitivity achieved within 120-150 K - depending on the
material and the method used - the deseribed compounds
show potential for application in temperature monitoring
systems for cryogenic devices. Luminescence thermometry
based on hybrid compounds containing Cr'* jons overcomes
the limitations of other thermometric techniques, such as
thermal imaging, ™" The usefulness of such compounds has
also been confirmed in the context of time-resolved thermo-
metry, demonstrating the feasibility of developing systems for
remote, realtime temperature monitoring under cryogenic
conditions. The presented results show the particular useful-
ness of the ratiometric approach based on the LIR,, parameter,

Thus, considering the overall clarity of the work, further
comparison of the investigated series of hybrid compounds will
be limited to this particular method. The LIR and §, values for
other investigated compounds are presented in Fig. 6. The
comparison of the uncertainty of the LIR determination is
shown in Fig. S7. The collation of the thermometric ranges,
maximal relative sensitivitics, as well as operating ranges is
presented in Table 1.

Among the investigated materials, the highest relative
sensitivity is observed for the material doped with 3 mol%
of Cr'" (3.91% K '). However, all of the tested materials
exhibit higher sensitivity compared to other hybrid perovs-
kites containing chromium trivalent ions*™*7'* (Table 2).
It may be attributed to the higher contribution of the broad-
band emission resulting from a higher concentration of Cr'*
ions. If the investigated thermometric range overlaps the
emission from the "I', level, its intensification improves the
thermometric performance. However, the obtained results for
the combination of ! and I, ranges (LIR;y) show an
undoubted potential of the approach based on additional
phonon bands. This particular approach may be significantly
useful within the context of materials exhibiting a strong
crystal field. In this case, the creation of wide *T,, — ‘A,
emission is, in principle, not observed. Thus, the construction
of the thermometric model based on other temperature-
sensitive bands may provide sufficient conditions for highly
sensitive temperature sensing.

Lifetime-based method

Optical thermometry based on luminescence decay time is
another valuable approach. Although this approach is not as
commonly reported as a ratiometric method, it has some
noteworthy advantages, such as higher stability of the signal
(immunity to excitation intensity variations and phosphor
concentration) as well as the possibility of its implementation
for phosphors exhibiting a single emission band.™*** Moreover,
due to the significantly lower sensitivity of the lifetime-based
thermometric moedel to photon-environment interactions com-
pared to the ratiometric approach, this method may be parti-
cularly useful in systems where the luminescence of the
surrounding medium may affect the observed emission spee-
trum of the luminescent probe. It may also be successfully
implemented in materials showing one particularly intense
emission band, such as the R, line in chromium{in)-based
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Table 2 Comparson of the highest relatwe senstwity (5] with the

following temperature (T) of selected hybrid luminescent thermometers
containing Cr’* fons operating o a ratiometric reguma

Material Semee (%K') Ty (K} Source
EAJMIt, 5y Cry 5, [HCOO) 334 120 This work
EAIMny, o Cr aa HCOO), 3.9 140

EAIM, . Cry 00 HCOO) 2.78 120
G}\{mefunl{ﬂcoo]‘ 1.08 90 7

GAJMI ;7 Crg o HCOO), 1.20 100

GA ng-n(a'l'uollucoo),q 2.08 Q0

DMAZny, +-Cro 0:(HOOO), 24 165 18
DMAMI, 44Crg. ..,[HOOO), 2.5 160

DMA M, 55Cre 03 HCOO), 22 150

EAJ;NaAl, 5, Cr, 5 (HCOO), 2.84 160 7
EALNaCr 40,600l HOOO), 2114 150 a1

materials.”**"*" The particular usefulness of the LT-based
approach has been presented for a series of [EAJMg(HCOO),
hybrid perovskites doped with Cr** jons.” Within the context
of investigated materials, for the exemplary compound
[EAIMN, 44Cr 0 (HCOO)s, the increase in temperature leads to
the reduction of the lifetime of the R, line of Cr’* luminescence
(Fig. 7a). To determine the thermometric model, the average
luminescence decay times (t,,, ) are caleulated with the follow-
ing formula:

et

R I TS

(4)

where /(¢) is the signal intensity at a given time r. The applied
caleulation method provides a comparable lifetime form for
hybrid Cr'*-based materials, in which the decay curve may
exhibit single- and double-exponential decay form, depending
on the presence of more than one (e.g., nominal and defected)
chromium(u) site.”® The obtained values of average decay times
as a function of temperature are presented in Fig. 7b. The
average lifetime of luminescence significantly decreases with
increasing temperature, exhibiting characteristics of quasi-
Arrhenius decay, To provide a continuous change of the ther
mometri¢ parameter, understood as an average decay time for
the given temperature, the nonlinear fitting is performed with
the following formula;

¢ ) .. — -
144 cxp(—l:—f.) (5)

where t, is the average lifetime at the lowest investigated
temperature, A is a preexponential parameter, k is the Boltz-
mann constant, and AE is equal to the energy of the thermal
quenching, The AE values were 928 ¢m *, 666 ¢m ', and
638 cm ' for the sample containing 1 mol%, 3 mol%, and
5 mol% of Cr'" ions, respectively. This low activation energy
confirms that the energy separation between the *E, and *Ty,
levels remains small. Very rapid luminescence quenching is
observed even at relatively low temperatures, whereas the high
temperature sensitivity is found to be beneficial for the devel
opment of luminescent thermometers operating at low tem-
peratures. The obtained fitting curves are further used to
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function of temperature with fitting function, (c) the change in relative sensitivity with temperature

determine the relative sensitivity of the optical thermometer
according to the formula

ey
T

4%
dr

(6)

where drg, is the change of the fitted thermometric parameter
g At temperature change d7. The influence of the temperature
on the calculated value of S, for an exemplary sample of
[EAIMA,, 55Crg 0, [HCOO), is presented in Fig. 7c.

The analogous thermometric analysis including the average
lifetime combined with a fitring function as well as relative
sensitivity determination, is presented in Fig. S8, The collation
of the average decay time at 80 K (74, wox) and maximal relative
sensitivities is presented in Table 3,

The obtained results confirm the high applicability of
the approach based on luminescence lifetime analysis, The
achieved relative sensitivity of the thermometers (up to 5.14%
K ') surpasses the values obtained using the ratiometrie
method. The reduction of the average luminescence lifetime
takes place with an increase in Cr'" ion concentration. Such a
phenomenon is reported for another series of hybrid perovs-
kites containing Cr™' ions."™"* Mareover, the reduction of the
temperature of the maximal S, value (T ) is correlated with
increasing chromium{m) concentration. An increase in Cr'” ion
concentration enhances emission from the 'T,, level, thermally
coupled with the “E, level, leading to faster thermal quenching
of ’E, emission (the base of the thermometric model) and a
shift of the relative sensitivity maximum toward lower tempera-
tures. The change of the Ty, .. 352 function of the chemical

Table3 The summary of the thermometric characteristics of the lifetime-
based method

Cr'' content Tang. o, (M15) St (% K™') 15, .. K]
1 mol% 0.78 5.14 143

3 mol% 0,40 4.32 128

3 mol% 0.34 4.23 126
23942 | 1 Mater Cnem, C, 202513, 25935-23944

composition is reported for a wide range of chromium concen-
tration (from 21 mol% to 100 mol%]) in [EA];NaAl, Cr{H-
€00),.” This may indicate the high applicability of Cr*"-based
luminescent thermometers operating in a strong crystal field.
There is no clear correlation between the increase in Cr*'
concentration and the calculated values of relative sensitivities
obtained with the ratiometric method. Within in context of a
lifetime-based approach, in turn, the enhancement of the
emission attributed to *T,, - "A, transition leads to a
decrease in relative sensitivity. Therefore, special attention
should be paid to materials with low doping concentrations
and exhibiting a strong crystal field. The obtained results of
lifetime thermometry show an extraordinarily high potential of
this particular approach for highly sensitive luminescent ther-
mometry, The change of the default thermometric model may
significantly improve the relative sensitivity by 1.80% K ', as it
is shown for Mn-based compound doped with 1 mol% of Cr'".
The reproducibility of the thermal sensing behavior was further
assessed  through successive heating and cooling  cyeles
(Fig. $9). The results show minimal deviation from the initial
values, indicating that the behavior of the investigated materi-
als reliably reverses and repeats over multiple thermal cycles.

Conclusions

The presented results show the significant potential of hybrid
organic-inorganic perovskites doped with Cr'” jons for lumi-
nescence  thermometry, The implemented  slow-diffusion
method enables the synthesis of chemically stable hybrid
compounds differing in Cr'" concentration. Investigated
materials exhibit remarkable spectroscopic characteristics,
especially temperature-dependent luminescence and emission
lifetime. Observed temperature-dependent  spectroscopic
features are successfully implemented for thermometric model
determination, In this work, we present a comparison of
different thermometric approaches and the resulting variety
of relative sensitivities and operating ranges, The investigated

This journal 1s © The Royal Society of Chemistry 2025
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materials show a presence of several emission ranges, differing
in thermal quenching progressivity. Such a phenomenon is
fundamental for ratiometric model determination based on
various thermometric ranges, We demonstrate the importanee
of consciously selecting the operating range of luminescent
thermometers. The highest relative sensitivities can be
achieved for ranges exhibiting possibly the greatest difference
in the progressivity of thermal quenching. The presented
results show high relative sensitivity of investigated materials
up to 3.91% K '. It was also obscrved that there were small
changes in the calculated utility range, which confirms the
possibility of optimizing the constructed thermometric models,
Morcover, the analysis of the potential of the luminescence
lifetime-based approach is presented. Due to the presence of
the significant thermalkquenching of luminescence lifetime,
the determination of the thermometric model ¢an be per-
formed. The obtained results confirm the great potential of
the investigated material, The spectacular relative sensitivities
(up to 5.14% K '} show a possibility of the construction of a
dual-parametrical thermometric system. Further development
of luminescent thermometers based on both ratiometric and
lifetime-based approaches may result in more sensitive and
accurate sensing solutions. Undoubtedly, the presented series
of [EAMn,_,Cr,(HCOO},, where x = 0, 0.01, 0.03, and 0.05,
exhibits significant potential within the context of lumines-
cence thermometry.
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Table 51. Octahedra parameters and predicted crystal field strength for undoped materials

Octahedra parameters

. Compound . Lengths Details

[EAIMR(HCOO); | I{Mn1-04) = 2.2042(15) A Average bond length = 2.1949 &

ICSD 110521 I{Mn1-05) = 2.2043(18) A Polyhedral volume = 14.0692 A*3

T=290K l{(Mn1-02) = 2.1801(17) & Distortion index (bond length) = 0.00628
lIMn1-03) = 2.1867(17) A CQuadratic elongation = 1.0014
I(Mn1-06) = 2.1765(19) A Bond angle variance = 4.8427 deg. *2
l(Mn1-01) = 2.2175(15) A Effective coordination number = 5.9905

Crystal field = 0.0196

177



5 mol % Cr™

3 mol % Cr**

0 mol.% Cr*

Normalized intensity (-)

ICSD- 110521
Y T T Y il | |

10 15 20 25 30 35 40 45 50 55 60
26 (°)

Figure S1. PXRD diffractograms of investigated samples combined with the generated pattern according
to CIF file
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Figure $2. Normalized emission intensity at 80 K of [EA]JMn,Cr,(HCOO);, where x=0.01, 0.03, 0.05.
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Figure S3. Comparison of emission intensity with the increase of the temperature for:
() [EA]Mn; 2sCra0:(HCOO): (b) [EA]Mng 5:Cro 53(HCOO); (c) [EA]MnNg 5sCraas(HCOO)s.
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Figure S4. Comparison of excitation spectra measured for [EA]Mngs<Crqos(HCOO)s sample
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Figure S5. 80 K and 160 K PL spectra for the representative sample [EA]Mngq,Crg0;(HCOO); registered
under 405 nm excitation with luminescence lifetimes monitored at 688 nm and 815 nm
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