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Abstract 

This work is focused on using 2,2′:6′,2′′-terpyridines, standalone or in the mixture with 

other organic ligands, in the investigation of complexes and coordination polymers formation 

with trivalent rare earth elements and the examination of their properties. 

2,2′:6′,2′′-Terpyridines act as a photoluminescence sensitiser in coordination compounds of 

trivalent lanthanides, increasing the intensity of characteristic 4f-4f metal ion emission. In 

Chapter 1, an introduction to trivalent lanthanides and their photoluminescence properties is 

given, as well as known coordination compounds of trivalent rare earth elements with 

2,2′:6′,2′′-terpyridine and its derivatives. In Chapter 2, the research goals of this thesis are 

stated. 

In Chapter 3, it is described how the swift coordination of 4′-phenyl-2,2′:6′,2′′-terpyridine 

to trivalent lanthanides and efficient sensitisation of their emission by this ligand were 

successfully used for their detection with respect to their recovery. The developed process 

can be used for an urban mining approach, allowing trivalent lanthanide detection at their 

recoverable concentrations in wastewater and leaching solutions. 

In Chapter 4, the reactivity of all water-free trichlorides of all rare earth elements (except 

promethium) with 4′-phenyl-2,2′:6′,2′′-terpyridine is described. The product formation depends 

on the ionic radii of the metal used, hence, several series of compounds were obtained, from 

complexes to coordination polymers with a chain formation through anions. 

In Chapter 5, investigations of the possibility of increasing the dimensionality of products 

obtained from complexes to coordination polymers through organic N-donor linkers are 

presented. Various approaches with the introduction of an additional coordination mode were 

probed by either modifying the 4′-aryl-2,2′:6′,2′′-terpyridine itself or by using a secondary 

bridging ligand. 

In Chapter 6, the introduction of the anionic O-donor is presented within the scope of 

the investigation. Multiple examples of trivalent lanthanide coordination compounds with 

2,2′:6′,2′′-terpyridines and O-ligand anions are presented alongside a Eu3+ coordination 

polymer with 4-([2,2′:6′,2′′-terpyridin]-4′-yl)benzoate.  

In Chapter 7, tetrameric complexes of Eu3+ and Tb3+ acetates with 4′-phenyl-2,2′:6′,2′′-

terpyridine are presented and proposed to be used as solid-state photoluminescence 

standards due to their stability and suitable emission intensity. This study opens up possible 

applications of the complexes with regard to quantitative measurements, for example, 

quantum yield determinations.  

Altogether, the systematic study of trivalent rare earth elements’ interaction with 

2,2′:6′,2′′-terpyridines exposed a remarkable application potential for the trivalent lanthanides 

recovery as well as for the quantitative photoluminescence standards development. 
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Kurzzusammenfassung 

Der Fokus dieser Arbeit wurde auf die Synthese und Charakterisierung von 

Komplexverbindungen und Koordinationspolymeren der dreiwertigen Seltenerdelemente 

gelegt. Als Liganden wurden 2,2′:6′,2′′-Terpyridine sowie Mischungen dieser mit weiteren 

organischen Liganden genutzt. 2,2′:6′,2′′-Terpyridine fungieren als 

Photolumineszenzsensibilisatoren in den Koordinationsverbindungen der dreiwertigen 

Lanthanide und erhöhen damit die Intensität der charakteristischen 4f-4f Metallionenemission. 

Kapitel 1 enthält eine allgemeine Einleitung zu den dreiwertigen Lanthaniden und ihren 

Lumineszenzeigenschaften sowie einen Überblick über literaturbekannte 

Koordinationsverbindungen mit 2,2′:6′,2′′-Terpyridin und dessen Derivaten. Die 

Forschungsziele dieser Arbeit werden in Kapitel 2 formuliert. 

In Kapitel 3 wird beschrieben, wie die schnelle Koordination von 4′-Phenyl-2,2′:6′,2′′-

terpyridin an dreiwertige Lanthanide und die effiziente Photolumineszenzsensibilisierung der 

dreiwertigen Lanthanidenemmission für Nachweisreaktionen  im Hinblick auf Rückgewinnung 

dieser Metalle eingesetzt werden können. Der entwickelte Prozess ermöglicht „Urban Mining“ 

anhand der Detektion der dreiwertigen Lanthaniden in Abwässern und 

Auswaschungslösungen für real wiedergewinnbare Konzentrationen. 

In Kapitel 4 wird die Reaktivität der wasserfreien, dreiwertigen Seltenerdchloride (mit 

Ausnahme von Promethium) mit 4′-Phenyl-2,2′:6′,2′′-terpyridin beschrieben. Die 

Produktbildung hängt vom Ionenradius des verwendeten Metallions ab. In diesem Rahmen 

konnte eine Reihe von Verbindungen erhalten werden, die von Komplexen bis hin zu 

Koordinationspolymeren mit Kettenbildung über Anionen reicht. 

In Kapitel 5 werden die Ergebnisse der Untersuchungen zur möglichen Erhöhung der 

Produktdimensionalität von Komplexen zu Koordinationspolymere durch organische N-

Donor-Liganden vorgestellt. Verschiedene Ansätze zur Einführung eines zusätzlichen 

Koordinationsmodus durch Modifizierung des 4′-Aryl-2,2′:6′,2′′-Terpyridins oder durch 

Nutzung eines zusätzlichen Brückenliganden wurden untersucht. 

In Kapitel 6 werden die Ergebnisse der Einführung des anionischen O-Donors 

vorgestellt. Neben einem Eu3+-Koordinationspolymer mit 4-([2,2′:6′,2′′-Terpyridin]-4′-

yl)benzoat werden auch weitere Beispiele von Produkten mit O-Liganden beschrieben. 

In Kapitel 7 werden Tetramerkomplexe von Eu3+- und Tb3+-Acetaten mit 4′-Phenyl-

2,2′:6′,2′′-terpyridin vorgestellt. Aufgrund ihrer Stabilität und der geeigneten 

Emissionsintensität ist eine Verwendung dieser Verbindungen als Photolumineszenzstandard 

denkbar, besonders im Hinblick auf quantitative Messungen, wie beispielsweise 

Quantenausbeutebestimmungen. 

Insgesamt hat die systematische Untersuchung der Interaktion von dreiwertigen 

Seltenerdelementen mit 2,2′:6′,2′′-Terpyridinen ein außerordentliches Anwendungspotential 

in Bezug auf die Wiedergewinnung von dreiwertigen Lanthaniden sowie auf die Entwicklung 

von Photolumineszenzstandards für quantitative Messungen aufgezeigt. 
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1. Introduction 

1.1. Rare earth elements and lanthanides 

Lanthanides (or lanthanoids, chemical abbreviation Ln) is a collective name for a group 

of elements lanthanum (La, 57), cerium (Ce, 58), praseodymium (Pr, 59), neodymium (Nd, 

60), promethium (Pm, 61), samarium (Sm, 62), europium (Eu, 63), gadolinium (Gd, 64), 

terbium (Tb, 65), dysprosium (Dy, 66), holmium (Ho, 67), erbium (Er, 68), thulium (Tm, 69), 

ytterbium (Yb, 70), and lutetium (Lu, 71).[1] Lanthanides is a historical name having the Greek 

suffix -ίδης (-ides), meaning “son of” or “descendant of”. Lanthanoids is a modern version of 

the name for these elements, with a Greek suffix -οειδής (-oeides), meaning “having the 

likeness of”. The change in the ending was introduced as the ending “-ide” commonly is used 

to indicate a negatively charged ion.[1] Both names for the elements series could be used, with 

lanthanoids being preferred to lanthanides by IUPAC.[1] Another question is the assignment 

of lanthanum as one of the lanthanides. According to IUPAC, this element belongs to the 

collective name, although it is noted that neither ending is etymologically applicable, as the 

element neither can be similar to itself (-oids) nor can it be a descendant of itself (-ides).[1] 

Nevertheless, lanthanum is commonly included in lanthanides.[1]  

Rare earth elements (or rare earth metals; RE) is a collective name for elements from 

57 to 71, together with scandium (Sc, 21) and yttrium (Y, 39).[1] Independent of one’s 

preferences regarding lanthanides (historical, etymological, or modern definition), all 17 

elements named here belong to the rare earth elements.[1] 

Despite their name, rare earth elements are geologically abundant, each present on the 

lower ppm scale in the Earth’s crust.[2] Each of the lanthanides is more abundant than some 

elements known to humanity for millennia, such as silver, mercury, and gold.[3] The exception 

to this is promethium, which does not have stable isotopes.[3] However, rare earth elements 

are pretty evenly distributed,[2] and their separation is a complicated process.[4,5] 

Rare earth elements have a wide variety of applications. Per mass, most REs are used 

in catalysts, glass production, and as polishing powders.[2,6] Other applications include 

permanent magnets, phosphors, and batteries,[2,6] crucial for modern-day usage in clean 

energy production and energy saving.[7] Despite their essential role, the usage of rare earth 

elements is not sustainable.[2] Moreover, in the latest years, production and processing of 

these elements have been localised in China, at extremes above 95 %.[2] In 2010, the export 

of REs was heavily restricted, leading to the rare earth crisis.[2,8] As a result, the European 

Commission and the U.S. Department of Energy consider rare earth elements as critical 

materials.[7,8] One of the steps towards the sustainability of rare earth elements’ usage is their 
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recycling,[7,8] for example, from end-of-life or already disposed electronic devices, often 

referred to as urban mining. 

1.2. Chemistry of lanthanides 

As lanthanides are numerous elements with rich chemistry for each of them, only a brief 

overview of their chemical behaviour could be given here. The most stable oxidation state for 

rare earth elements is +3.[2,3] In this state, lanthanides have an electronic configuration [Xe]4fn, 

from n = 0 for La3+ to n = 14 for Lu3+. The domination of the +3 oxidation state in the chemistry 

of lanthanides results from the 4f orbitals stabilisation effect.[2,9] Further stable oxidation states 

are explained by the filling of 4f-orbitals, the stable configuration being empty, half-filled, and 

full 4f subshell. Generally, Ln2+ (Ln = Nd, Sm, Eu, Dy, Tm, Yb) and Ln4+ (Ln = Ce, Pr, Nd, Tb, 

Dy) are known in the solid state.[2,9] However, most Ln2+ and Ln4+ are unstable in an aqueous 

solution, with the noticeable exception of Ce4+ and Eu2+.[9]  

In metallic form, lanthanides are very reactive.[9] They are electropositive, easily oxidised 

by oxygen in air, and produce oxides when burned.[9] Lanthanides have Ln3+/Ln reduction 

potentials from ‒1.99 to ‒2.38 V in an acidic aqueous solution.[2] Metal lanthanides react with 

water to produce hydroxides and dissolve in dilute acids even in the cold to form solutions of 

respective Ln3+ salts.[9] 

Ln3+/Ln2+ reduction potentials in aqueous solution are ‒1.5 V for Sm, ‒0.34 V for Eu, and 

‒1.05 V for Yb.[2] The estimated Ln3+/Ln2+ reduction potential in an aqueous acidic solution is 

< ‒2.2 V for other lanthanides.[2] While only Eu2+ is kinetically stable in an aqueous solution,  

Sm2+ and Yb2+ can be briefly observed.[2] Ln4+/Ln3+ estimated reduction potential is high for 

most lanthanides (> 4.9 V), with exceptions for Ce (1.8 V), Pr (3.2 V), and Tb (3.1 V).[2] In an 

aqueous solution, Ln4+ are reduced by water, which has an oxidation potential of  

‒1.23 V.[2] The exception is Ce4+, which is stable in aqueous solution in numerous compounds 

due to complexation that influences its reduction potential and kinetic stability.[2] Ceric 

ammonium nitrate, containing Ce4+, is commonly used in quantitative analysis as a standard 

oxidant and in organic chemistry as an oxidising agent.[2] Reduction potentials Ln3+/Ln2+ and 

Ln4+/Ln3+ show the preference for oxidation state +3. Trivalent lanthanides can be considered 

essentially redox inactive under most conditions.[2] 

Lanthanides commonly form oxides with an oxidation state +3 of the formula Ln2O3, with 

a few exceptions.[9] Cerium has an oxidation state of +4 in its oxide CeO2.[2,9] Praseodymium 

and terbium form oxides with mixed valences of +3 and +4, the most stable of them are Pr6O11 

and Tb4O7.[2] Lanthanide oxides are basic, not soluble in water, but absorb it to form 

hydroxides.[9] 
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Lanthanides can form several halide types: LnX2, LnX3, and LnX4.[9] Halides with trivalent 

lanthanides are the most stable.[9] LnX4 is only observed for fluorides of cerium, terbium, and 

praseodymium.[9] They can be obtained by fluorinating a trivalent lanthanide fluoride or the 

metal itself.[2]  Tetravalent lanthanide halides are also observed in complex fluorides of a 

common formula Cs3LnF7 with Nd4+ and Dy4+ as well as Pr4+ and Tb4+.[2] Composition LnX2 is 

observed for most of the lanthanides in diiodides, while difluorides are only available for Sm2+, 

Eu2+, and Yb2+.[9] Divalent lanthanide halides are commonly obtained either by 

comproportionation route from LnX3 and Ln metal or by reducing LnX3 by alkali metals or 

hydrogen.[2] Divalent lanthanide halides are oxidised by water, with the exception of EuX2.[9] 

Hydrated lanthanide trihalides are obtained in the reaction between a corresponding aqueous 

halide acid and a lanthanide oxide.[2] Except for trifluorides, lanthanide trihalides are highly 

soluble in water and tend to form oxohalides upon thermal dehydration.[9] Anhydrous trivalent 

lanthanide halides are therefore obtained by a decomposition of mixed ammonium lanthanide 

chlorides.[10] Water-free LnX3 apart from fluorides are quite deliquescent.[2,9]  

Lanthanide inorganic compounds with further anions are known but will not be discussed 

here. Among them are nitrates, sulfates, carbonates, chalcogenides, phosphates, and 

perchlorates.[2,9] Properties of trivalent lanthanide compounds depend on the metal ion ionic 

radius, which gradually decreases along the row.[2] Ionic radii of trivalent lanthanides go from 

116 pm for La3+ to 97.7 pm for Lu3+ in an eight-coordinated environment.[11] Generally, 

separation methods rely on the decrease of ionic radii of trivalent lanthanides and resulting 

gradual changes in the properties of their compounds.[2,9] Lanthanides, mostly in oxidation 

state +3, are also widely used in coordination chemistry with organic ligands.[2,12]  

The coordination environment of Ln3+ lacks directional constraints and is primarily 

determined by the requirements of the ligand.[9] Coordination numbers 7-9 are the most 

typical.[2,9] For lighter lanthanides with larger ionic radii, a coordination number of 10 and more 

can be achieved with small chelating ligands, such as nitrate or sulfate anions.[2,9] 

Coordination number 6 and below is unusual but can be observed with bulky ligands. [2,9] For 

example, CN of 3 is observed in complexes of trivalent lanthanides with 

bis(trimethylsilyl)amides.[2,9] Ionic radii of trivalent lanthanides strongly depend on the 

coordination number, with differences of 30 pm between CN of 6 and 12.[11] The variability of 

an ionic radius and the flexible coordination sphere makes Ln3+ highly adaptable to many 

coordination environments.[12]  

Using ligands with several coordination sites allows interaction with multiple metal ions 

that could lead to the formation of coordination polymers (CPs).[12] They are compounds with 

repeating coordination entities extending in 1, 2, or 3 dimensions.[13] This class of compounds 
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has been of great interest lately. A particular class of CPs with a porous structure is referred 

to as metal-organic frameworks (MOFs).[13] Lanthanide-containing MOFs are of interest due 

to the possibility of changing their photoluminescence and magnetic properties as a result of 

the interaction of porous structure with external stimuli, such as the presence of specific 

molecules in a gas phase, utilised in photoluminescence-based detection.[13] 

Trivalent lanthanides are Lewis acids, and their bonding is predominantly ionic in 

character.[2,9] Ln3+ show a noticeable preference for O-donor ligands.[9] The resulting trivalent 

lanthanide complexes with O-donor ligands tend to be more stable than with other ligand 

types.[12] Most Ln3+ complexes have at least one Ln-O bond, with more than a third of all 

compounds investigated crystallographically having only Ln-O bonds.[12] N-donor ligands also 

play a considerable role in lanthanide coordination chemistry, with one-fourth of reported 

structures having at least one Ln-N bond.[12] Among them, pyridine- or benzimidazole-based 

ligands, Schiff base ligands, aliphatic amides, silylamides, porphyrins, and phthalocyanines 

are used in trivalent lanthanides’ coordination chemistry.[12] Interest in the coordination 

chemistry of Ln3+ is due to the noticeable enhancement of photoluminescence properties of 

these metal ions in coordination compounds.[12] 

1.3. Photoluminescence of trivalent lanthanides 

Trivalent lanthanides have defined electronic energy states which are almost 

independent of the chemical surrounding.[14] This is due to the fact that 4f orbitals are closer 

to the nuclei than 5s and 5p orbitals and therefore shielded from the interactions with the 

coordination environment.[14] As a result of 4f orbitals almost not participating in the binding 

with the ligand field, promoting an electron to the 4f orbital of higher energy upon excitation 

does not lead to a significant rearrangement of interatomic distances in the chemical 

environment.[15] Consequently, narrow bands and small Stokes’ shifts are observed in 

spectroscopy of trivalent lanthanides.[15] For each Ln3+
, characteristic transitions are observed, 

with emission typically in the visible or near-infrared (NIR) range.[15] 

Trivalent lanthanides’ energy levels are described in 2S+1LJ
  term symbols, where S is the 

total spin quantum number, L is the total orbital momentum quantum number, and J is the 

total angular momentum quantum number.[14] S is determined by the sum of electron spins of 

the given ion, 4fn configuration in the case of trivalent lanthanides. L is determined by the sum 

of electron angular quantum numbers ℓ, which in the case of f subshell assume values -3, -2, 

-1, 0, 1, 2, 3. J results from spin-orbit interaction (LS coupling, also known as Russell-

Saunders coupling) and can take integer values between |L‒S| and L+S.[14,15] As a result, 

every trivalent lanthanide has 
14!

𝑛! · (14−𝑛)!
 energy levels.[15] Hund’s rules determine the ground 
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energy state: 1) it has the largest spin multiplicity; 2) it has the largest orbital multiplicity; 3) it 

has the lowest value of J if the shell is less than half-filled or the highest value of J if the shell 

is more than half-filled.[15] 

According to Laporte’s selection rules, 4f-4f energy transitions are parity forbidden by 

the electric dipole (ED) mechanism and, therefore, should not be observed. It should be noted 

that the terms “allowed” and “forbidden” are not entirely accurate for the description of Ln3+ 

transitions. Due to the different mixing mechanisms that 4f wavefunctions can undergo, 

transitions with high probability are referred to as “allowed” and transitions with a low 

probability as “forbidden”.[15] Under the influence of the ligand field, where the spherical 

symmetry of the single Ln3+ ion is broken, mixing of 4f with other orbitals occurs, allowing 

otherwise forbidden 4f-4f transitions.[16] In such a case, these transitions are called induced 

(or forced) electric dipole (IED) transitions.[15,16] Still, even for IED and magnetic dipole (MD) 

transitions, SLJ selection rules apply, in all cases with S = 0.[16] The intermediate coupling 

scheme (SL-S′L′ mixing) explains how these restrictions are lifted: spin-orbit coupling leads to 

the mixing of states that have L and S differing by 1 and have the same J value.[16] 

The direct 4f-4f absorption is of low intensity, having molar absorption coefficients (𝜀) of 

0.1-1 – 10 M-1 · cm-1.[17] Even with a high internal quantum yield Φ, the overall luminosity 𝐿 =

𝜀 × Φ of the Ln3+-containing material is low upon a direct metal ion excitation.[17] Therefore, to 

achieve materials with a high emission intensity, luminescence sensitisation, also known as 

an antenna effect, is employed.[15] This is widely accomplished in the case of coordination 

compounds of trivalent lanthanides with organic ligands. For such a system, a simplified 

Jablonski diagram is presented in Figure 1.1. Processes’ time scales are shown 

exemplarily.[18–21] 

The antenna ligand is responsible for the primary absorption of light, typically in the UV 

to blue spectral region. The organic moiety is then excited from the ground singlet state (S0) 

to higher singlet states (Sn).[18] During the vibrational relaxation, the energy is dissipated, with 

the system going to the lowest vibrational state of a given singlet state.[18,19] From the higher 

excited Sn state occurs the stepwise relaxation into the lowest excited state of a given 

multiplicity manifold, S1. This process is called internal conversion (IC).[18–20] Within each 

electronic state, relaxation occurs. Once the system is at the lowest excited singlet state S1, 

two major processes can occur. One possibility is a transition back to the ground state 

(S1 → So) with a photon emission called fluorescence.[18,19] Alternatively, an intersystem 

crossing (ISC) can occur, a process with a change in the multiplicity of the system, with a 

transition to the triplet state S1 → T1, followed by vibrational relaxation.[18,19] From the triplet  
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Figure 1.1. Simplified Jablonski diagram of Ln3+ compound with a sensitiser ligand. Solid lines  

represent radiative processes, wavy lines represent relaxation processes, and dotted lines  

represent non-radiative transition processes between different excited states. Non-radiative  

de-excitation and back-energy transfer processes are omitted. 

state, a transition back to the ground state could occur (T1 → So), a process known as 

phosphorescence.[18,19] However, when a second chromophore is present – Ln3+ in the given 

case – the energy can be transferred from the excited ligand to the metal ion.[15] Finally, after 

the relaxation to its lowest excited state, the trivalent lanthanide exhibits an emission upon 

radiative transition to the ground state.[15] 

For clarity of the diagram (Figure 1.1) and processes’ description, many energy 

migration paths were omitted from the Ln3+ luminescence sensitisation process description. 

First, a non-radiation de-excitation to the ground state can occur without photon emission from 

any given excited state.[15,18] This is generally referred to as luminescence quenching. 

Additionally, an energy transfer from a sensitiser system to a Ln3+ can occur not only from the 

triplet state but from any given electronic state in a system, such as a singlet state.[15] Also, 

back-energy transfer processes are possible, leading to energy losses.[15] 

The latter is vital in relation to trivalent lanthanide coordination compounds, as the back-

energy transfer from the excited Ln3+ state to the triplet state of the ligand can quench the 

4f-4f luminescence. The optimal gap between the ligand T1 state and the lowest excited state 

of Ln3+ empirically lies in the range 2000-3000 cm-1 at room temperature to avoid back-energy 

transfer but still have efficient direct energy transfer.[22] Additionally, for the best system 

performance, the sensitiser ligand should be able to harvest the excitation light efficiently. 

Typically this is achieved by employing aromatic systems and their  ← transitions.[15] 
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1.4. Coordination compounds of trivalent lanthanides with 2,2′:6′,2′′-terpyridines 

As mentioned before, numerous N-donor ligand types are used in the coordination 

chemistry of trivalent lanthanides. With the flexibility of the Ln3+ coordination sphere, bulky 

organic ligands with a rigid structure, such as polypyridyls, can be employed. One subclass 

of such ligands are terpyridines, consisting of three connected pyridine rings. 2,2′:6′,2′′-

terpyridines (terpy) are tridentate ligands in which all three aromatic nitrogen atoms can 

coordinate to the same metal centre. Generally, two approaches are available for the 

synthesis of  2,2′:6′,2′′-terpyridines: via coupling reaction or via central ring assembly.[23] 

Symmetric 4′-aryl-2,2′:6′,2′′-terpyridines, in which both side rings are equal, can be easily 

synthesised in a reaction between aryl aldehyde and two equivalents of 2-acetylpyridine 

(Scheme 1.1).[24] The simplest of 4′-aryl-2,2′:6′,2′′-terpyridines is 4′-phenyl-2,2′:6′,2′′-

terpyridine (ptpy) obtained from benzaldehyde. 

 

Scheme 1.1. General one-pot synthesis of 4′-aryl-2,2′:6′,2′′-terpyridines from  

aryl aldehydes and 2-acetylpyridine. 

Alongside other multiple rings aromatic systems, which influence the absorption of 

photons, 2,2′:6′,2′′-terpyridines are used in the coordination chemistry of Ln3+. First examples 

were published in the 1960s, presenting the synthesis and investigation of photoluminescence 

properties of trivalent europium complexes with 2,2′:6′,2′′-terpyridine.[25–30] First 

crystallographically proven structures were reported with a metal ion:ligand ratio of 1:3, 

namely [M(2,2′:6′,2′′-terpyridine)3](ClO4)3 (M = La, Eu).[29,30] Later, other structures of a general 

composition [M(terpy)3]X3 were reported as well, [31–33] where the anion is in the outer 

coordination sphere. Another possible ratio of trivalent rare earth ion:terpy is 1:2. In such a 

case, one anion is not directly coordinated to a metal ion, [M(terpy)2X2]X.[34–36] However, it is 

also possible that all anions are coordinated to it, resulting in the composition 

[M(terpy)2X3].[36,37] Most examples of 2,2′:6′,2′′-terpyridines coordination compounds with 

trivalent rare earth elements are with a metal ion to ligand ratio of 1 to 1. There, depending 

on the co-ligands, either two anions are positioned in the outer coordination sphere, 

[M(terpy)X]X2
[38] or one, [M(terpy)X2]X,[39–41] or all of the anions are in the inner coordination 

sphere, [M(terpy)X3].[41–45] 

Selected examples of functionalised 2,2′:6′,2′′-terpyridines used in the coordination 

chemistry of trivalent rare earth elements are shown in Scheme 1.2. Many trivalent rare earth 
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element coordination compounds are obtained using 2,2′:6′,2′′-terpyridine itself (Scheme 

1.2).[25,26,48–51,27–31,38,46,47] Introduction of simple modifications, like alkyl groups as substituents 

in the rings (alkyl-terpy, Scheme 1.2), followed by coordination to trivalent lanthanides, is 

present in the literature.[52] If these alkyl groups are binding terpyridine rings together in 3,3′; 

5,3′′-positions, helicene-like structures are obtained (helico-terpy, Scheme 1.2), influencing 

properties of the Ln3+-complexes obtained. [52–54] Numerous 4′-substituted 2,2′:6′,2′′-

terpyridines (4′-R-terpy, Scheme 1.2) are also used to synthesize trivalent rare earth element 

coordination compounds, for example 4′-(phenyl-vinylene)-2,2′:6′,2′′-terpyridine and 4′-(p-

aminophenyl-ethynylene)-2,2′:6′,2′′-terpyridine.[55] A secondary coordination group could be 

introduced in the 4′-position, such as diphenylphosphine oxide (PO-terpy, Scheme 1.2), 

allowing coordination of multiple metal ions.[56] The second functional group can also be 

 

Scheme 1.2. 2,2′:6′,2′′-Terpyridine and selected examples of functionalised 2,2′:6′,2′′-terpyridines used in the 

coordination chemistry of trivalent rare earth elements. 
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introduced in the side ring of 2,2′:6′,2′′-terpyridine, like a nitro-group (nitro-terpy, Scheme 1.2), 

which then coordinates to the trivalent lanthanide alongside the terpyridine unit. [57] A popular 

class of 2,2′:6′,2′′-terpyridine derivatives are terpy-poly-carboxylic acids (Scheme 1.2). They 

are used as strong chelating ligands, with carboxylic groups directly introduced in the side-

pyridyl ring[58,59] or through a methylenenitrilo-group.[60–68] Additionally, an asymmetric 

2,2′:6′,2′′-terpyridine with a mixture of two carboxylic group types are known as ligands for 

trivalent rare earth elements.[69,70] The carboxylic group could also be present in the 4′-

position, either directly introduced in the central pyridine ring or through the phenyl ring 

(Hcptpy, Scheme 1.2), leading to the formation of Ln3+-containing coordination  

polymers.[71–73] 

Coordination chemistry of trivalent rare earth elements with 2,2′:6′,2′′-terpyridines is 

influenced not only by the structure of the ligand but also by choice of anions. Among the first 

anions used in this field were perchlorates, presented in the outer coordination sphere,[29–32] 

and chlorides, typically directly coordinated to the metal ion.[25–28,38] Other counterions, such 

as nitrates[54,57] or thiocyanates,[37] are also normally present in the inner coordination sphere 

of trivalent rare earth elements products with 2,2′:6′,2′′-terpyridines. The anion is not 

coordinating to the metal centre in iodide and triflate containing trivalent RE/terpy coordination 

compounds.[33] One big class of organic anions, which are used in the coordination chemistry 

of trivalent rare earth elements with terpy ligands, are -diketonates: 4,4,5,5,5-pentafluoro-3-

hydroxy-1-(phenanthren-3-yl)pentanedionate,[74] 2-thenoyltrifluoroacetonate (tta),[55,75] 

acetylacetonate (acac),[76,77] and anion forms of curcumin,[77,78] glycosylated curcumin,[77,78] or 

1-dibenzoylmethane.[51,79] With the usage of aromatic carboxylates, complexes forming can 

be: monomeric complexes, with 4-naphthalen-1-yl-benzoate and its derivatives[80] or 2,4-

dichlorobenzoate;[81] dimeric, with p-aminobenzoate,[82] 3,5-dichlorobenzoate,[83] or 4-

ethylbenzoate;[84] tetrameric, with 3,5-dichlorobenzoate;[83] or even polymeric, with 2,2’-

biphenyldicarboxylate.[47] With the mentioned above 4-([2,2′:6′,2′′-terpyridin]-4′-yl)benzoic acid 

(Hcptpy, Scheme 1.2) and 2,2′:6′,2′′-terpyridine-4′-carboxylic acid, where the carboxylic group 

is a substituent in the terpy unit, coordination polymers are also formed.[71–73] Another 

counterion, for which a formation of coordination polymers through anion is reported for 

trivalent rare earth elements/terpy system, is tetracyanoplatinate,[49,85,86] although ionic 

monomeric complex formation with it is also possible.[87] 

From the very first publications presenting coordination compounds of 2,2′:6′,2′′-

terpyridines with trivalent lanthanides, their photophysical properties were of interest.[25–29] 

The intense red emission of trivalent europium as a result of the excellent sensitisation by 

2,2′:6′,2′′-terpyridine was noticed in the earliest publications.[46] Although many researchers 



1. Introduction 

12 

focus on the improvement and utilising the emission of trivalent lanthanides coordination 

compounds with 2,2′:6′,2′′-terpyridines in the development of phosphors,[55,59,80] for example, 

in the generation of white-light emitters,[58] other fields are also implying properties of these 

substances. They are used for bio-labelling,[66–68,74,88] photoactivated DNA cleavage for 

possible cancer treatment,[76–78] and bio-imaging.[65,74] 

Despite the simplicity of 4′-phenyl-2,2′:6′,2′′-terpyridine (ptpy) and known Eu3+ 

photoluminescence sensitisation by 2,2′:6′,2′′-terpyridines, only a very limited number of 

literature examples exist where ptpy is used in combination with rare earth elements, 

summarised in Scheme 1.3.[76–78,89–91]  

Complexes [La(ptpy)(acac)(EtOH)(NO3)2] and [Gd(ptpy)(acac)(NO3)2] (acac = 

acetylacetonate) were studied in respect to their DNA photocleavage and possible anticancer 

activity,[76] as well as further four similar complexes [M(ptpy)(-diketonate)(NO3)2] (M = La or 

Gd, -diketone = curcumin or glycosylated curcumin).[78] Similar complexes of Nd3+ with 

acetylacetonate and deprotonated curcumin were also investigated regarding their 

bioactivity.[77] In these studies, 4′-phenyl-2,2′:6′,2′′-terpyridine is used as a photosensitiser. 

 

Scheme 1.3. Schematic drawing of literature known coordination compounds of 

rare earth elements with ptpy. 
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Photoluminescence properties of three complexes [Eu(ptpy)(-diketonate)3] with 

different -diketonates (Scheme 1.3) were investigated in the solid state, with overall emission 

decay times for these three complexes 0.25, 0.35, and 0.58 ms.[89,90] Authors consider such 

a short Eu3+ emission lifetime due to steric hindrance and, therefore, a long distance between 

ptpy and emissive metal ion. However, no crystal structure was reported for these 

compounds. 

For complexes [M(ptpy)(NO3)3] (M = Eu, Gd, Tb, Lu), photoluminescence behaviour was 

investigated in acetonitrile.[91] Complexes [Eu(ptpy)(NO3)3] and [Tb(ptpy)(NO3)3] showed good 

quantum yields of 44 % and 71 %, respectively. The crystal structure of these complexes was 

not reported.[91] 
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2. Research Goals 

Since lanthanides are considered critical materials, their recovery from electronic waste 

is an important topic for modern researchers. One of the urban mining aspects is the detection 

and concentration evaluation of elements to be recovered. Therefore, Ln3+ luminescence 

sensitisation by the 4′-phenyl-2,2′:6′,2′′-terpyridine decided to be used for the detection of 

trivalent lanthanides, as described in Chapter 3. The detection process should present an 

alternative or complement literature methods for its usability. Therefore, the possibility of 

detecting lanthanides without using bulky analytical equipment, such as a spectrophotometer, 

is aimed. The detection method adapted for usage in the field has to be minimalistic, utilising 

simple chemicals and allowing results evaluation by a naked eye. An important parameter to 

consider is the presence of various contaminants likely to be present in a recovery solution, 

such as acids used for leaching or transition metal ions.  

For a better understanding of sensitisation of Ln3+ photoluminescence by 4′-phenyl-

2,2′:6′,2′′-terpyridine, obtaining isolated products is essential. Therefore, the formation of 

coordination compounds of whole rare earth element series trichlorides with 4′-phenyl-

2,2′:6′,2′′-terpyridine is set as one of the aims of this work, presented in Chapter 4. For 

photophysical properties examination, not only strongly luminescent 4f-4f emitters but also 

typically overlooked trivalent lanthanides with a weak emission intensity are of interest, and 

therefore they should be investigated as well. 

The solid-state structure of Ln3+ coordination compounds influences the luminescence 

as well as other properties. Coordination polymers typically perform better than molecular 

complexes in terms of stability, which is vital for a possible application. Obtaining coordination 

polymers with a specific ligand coordination moiety is a synthetic challenge till nowadays. In 

the scope of this work, an emphasis is placed on the target synthesis of trivalent lanthanide 

coordination polymers, with a further expansion of the study to 2,2′:6′,2′′-terpyridine 

modifications. Chapter 5 focuses on introducing a secondary N-donor position to increase 

the dimensionality of products obtained before from molecular complexes to coordination 

polymers. In Chapter 6, an additional O-donor is used for the same purpose. 

A crucial aspect of photoluminescent compound characterisation is the determination of 

the absolute photoluminescence quantum yield. Despite the rising popularity of this method 

among solid-state chemists and the development of measurement devices, most standards 

used for the setup calibration and check-up are solutions of organic fluorophores. Due to the 

fluorescence character, only parts of the spectrum close in energy can be checked by these 

standards. Another challenge familiar to researchers in the field is the difference in the 

measurement approach between diluted fluorophore solutions and solid-state samples. 
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Unlike fluorescent organic molecules, trivalent lanthanide coordination compounds provide a 

significant energy shift between excitation and emission regions. Nonetheless, among 

reported complexes with intense Eu3+ or Tb3+ emission, no suitable standards for calibration 

and checking the measurement setup for solid-state samples are available, mainly due to the 

inconsistent data reported by different authors. Therefore, the development of coordination 

compounds of Eu3+ and Tb3+ with 4′-phenyl-2,2′:6′,2′′-terpyridine suitable for usage as solid-

state photoluminescence standards is set as another applicative goal of this works, presented 

in Chapter 7. Several properties are desired from the compounds to be useful as solid-state 

photoluminescence standards. A high quantum yield and emission intensity should be 

achieved for both trivalent europium and terbium compounds, which must be investigated on 

different instrumental setups. Stability in air and against humidity is also necessary, as 

trivalent lanthanide compounds, especially with N-donor ligands, are prone to hydrolysis with 

the degradation of the luminescence properties. General stability, such as thermal stability, 

should also be accounted for. Therefore, a careful approach is needed to obtain compounds 

suitable to be employed as solid-state photoluminescence standards. 

Overall, the interest of this work is the exploration of trivalent lanthanides 

photoluminescence sensitisation by 2,2′:6′,2′′-terpyridines. The systematic research of 

products’ properties and the possible application of the systems investigated should support 

each other. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. Utilisation of reactivity kinetic of 4′-phenyl-2,2′:6′,2′′-terpyridine with trivalent lanthanides 

16 
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4.2. Phosphorescence afterglow and thermal properties of [ScCl3(ptpy)] (ptpy: 4′-
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8. Overview of results 

The research goals of this thesis were accomplished. The detection of Eu3+ and Tb3+ for 

a potential urban mining approach is successfully achieved. This was possible due to a 

systematic study of trivalent rare earth elements coordination compounds with 4′-phenyl-

2,2′:6′,2′′-terpyridine (ptpy). Series of compounds were obtained and thoroughly investigated, 

with an emphasis on photoluminescence properties. Further modification of the coordination 

environment to tune the structure of Ln3+ compounds with 2,2′:6′,2′′-terpyridines was 

conducted with an abundant amount of results. Based on the knowledge from the fundamental 

approach presented, the design of air-stable Ln3+ compounds suitable to be solid-state 

photoluminescence quantum yield (PLQY) standards was prosperously achieved. Detailed 

overviews of each chapter are given below. 

Fast reactivity of 4′-phenyl-2,2′:6′,2′′-terpyridine with trivalent lanthanides and the 

impressive Ln3+ photoluminescence sensitisation by this ligand were successfully used in 

regard to the detection of these metal ions, that are considered critical materials (Chapter 3). 

Upon mixing solutions containing ptpy and Eu3+/Tb3+, observing the process under the UV 

lamp, a rise of the red/green luminescence characteristic for these lanthanides is instantly 

noticed by an eye. The detection border in solution is limited, and the photoluminescence is 

quenched in the presence of likely contaminants (transition metal ions and acids). Therefore, 

a procedure including in situ components separation and simultaneous Ln3+ detection was 

developed. This process is uncomplicated, consisting of first applying the analyte solution on 

the thin-layer chromatography (TLC) plate, then performing the standard TLC procedure with 

ptpy ligand dissolved in the mobile phase, and lastly, observing the plate under the UV lamp. 

With this, the detection limit for an Ln3+ in an aqueous solution is 20 – 40 µM, although it is 

virtually unlimited, as the same analyte solution could be applied multiple times on the same 

spot on the plate, as shown for a 10 µM Ln3+ solution. In the presence of various contaminants 

at concentrations even higher than in real wastewater, the characteristic luminescence of 

Eu3+/Tb3+ could be noticed at 0.1 – 1 mM concentrations in the analyte solution. This is 

enough for their detection for a potential application, as the typical trivalent lanthanides 

concentration limit for their recovery is 0.3 mM. The simplicity of the ligand and the setup, 

consisting of TLC equipment and a UV lamp, are a massive advantage for a preliminary “in-

the-field” investigation of Ln3+ recoverability potential. Even semi-quantitative concentration 

of the metal ions in focus is possible. The procedure could be improved further as the organic 

sensitiser ligand and other factors could be optimised for a higher selectivity toward a specific 

trivalent lanthanide. With the implementation of the short wave infrared camera used in the 

food industry, detecting Nd3+ or Yb3+, typical NIR emitters, might even be possible. 
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For a better understanding of the Ln3+ photoluminescence sensitisation by 4′-phenyl-

2,2′:6′,2′′-terpyridine and the influence of the products structure on the photophysical 

properties, isolation of crystalline compounds is required. Therefore, products of all trivalent 

rare earth elements (except promethium) with ptpy were synthesised and investigated, as 

presented in Chapter 4. Several structural types are obtained in the reaction between water-

free trivalent rare earth element chlorides and ptpy (Scheme 8.1), summarised in Figure 8.1. 

The accessibility of the structures depends on the ionic radius of the metal used. For trivalent 

lanthanum, two structures are formed, 1
∞[LaCl3(ptpy)]·nPy (I) and 1

∞[LaCl3(ptpy)] (II-La), both 

coordination polymers. In the first structure, the polymeric structure is formed through the 

chloride bridges, each La3+ connected with the other via three chloride anions, with a 

coordination number of nine. In the structure type II-M, additionally obtainable for Ce-Nd, the 

polymeric structure is also achieved through anions. For II-M, two chlorides are bridging, and 

the coordination number is eight. With the decrease of the trivalent rare earth element ionic 

radius, the structural break is observed in the lanthanide series products. From praseodymium 

to lutetium, as well as for yttrium, complexes [MCl3(ptpy)(py)] (III-M) were obtained. In this 

structure, a lower coordination number (seven) compared to previous products is observed. 

A solvent molecule is coordinated to the metal ion alongside ptpy. For the rare earth element 

with the smallest ionic radius – scandium – a complex [ScCl3(ptpy)] (IV) with a coordination 

number of six is formed. The possibility of coordination polymer formation with a chain 

connection over anion has been checked for Eu3+. In the case when the reaction of EuCl3 with 

ptpy is performed without a solvent, a dimeric complex [Eu2Cl6(ptpy)2] (V) was formed 

(Scheme 8.1). In this coordination compound, the coordination number of seven is the same 

as for the complex [EuCl3(ptpy)(py)] (III-Eu), with two bridging chlorides. The structure of the 

dimer V brings insight into the coordination polymers’ formation from monomeric complexes. 

 

Scheme 8.1. Summarised synthetic approach for coordination compounds from Chapter 4. 
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Figure 8.1. Overview of structure types obtained in the reaction between water-free  

rare earth element trichlorides and ptpy (Chapter 4). 

Series of coordination compounds, II-M and III-M, as well as complex IV, were 

synthesised as bulk material for photoluminescence properties investigations in the solid 

state. A sensitised 4f-4f Ln3+ emission was observed for Pr3+, Nd3+, Sm3+, Eu3+, and 

Tb3+ – Yb3+ products. Complex [EuCl3(ptpy)(py)] (III-Eu) shows a quantum yield of 52 %, 

indicating an efficient sensitisation of Eu3+ by 4′-phenyl-2,2′:6′,2′′-terpyridine. For the complex 

[TbCl3(ptpy)(py)] (III-Tb), the quantum yield is also good, 13 %. The emission intensity of Tb3+ 

luminescence in this complex rises fivefold upon cooling, as well as the photoluminescence 

lifetime. The most significant luminescence lifetime increase associated with the reduction of 

a back energy transfer happens almost linearly between 300 and 200 K. The same noticeable 

increase of the luminescence intensity was observed for complex III-Dy, for which the 

characteristic yellow emission of Dy3+ becomes observable by a naked eye upon cooling. 

Products with typical NIR emitters, such as Pr3+, Ho3+, Er3+, and Tm3+, showed additional 

characteristic transitions in the visible region. The dual emission of these ions in the visible 

region and NIR is rarely reported and was not presented for all these trivalent lanthanides in 

the same coordination environment. The possibility of observing the emission of these four 

lanthanide ions in the visible region is associated with a great sensitisation of their 

luminescence by the ptpy ligand in the complexes obtained. These examples show the 

importance of investigating Ln3+ coordination compounds’ series with a ligand for the whole 

lanthanide row and not only the typical most intense 4f-4f emitters, such as trivalent terbium 

and europium. 

In order to better understand the photophysical behaviour of the ligand, its’ properties 

were investigated in compounds of trivalent rare earth elements with no 4f-4f emission. The 

crystal packing influences the ligand energy states, shown exemplarily for the complex 

[ScCl3(ptpy)] (IV). This complex shows a long afterglow effect at 77 K with a long lifetime of 

0.56 s in the solid state. Both complex IV and free ptpy ligand were investigated in the solid 

state, solution, and glass matrix. In the solution/glass matrix, the energies of singlet states for 

both compounds are the same. Triplet state levels also have the same energy for both 



8. Overview of results 

81 

compounds in a glass matrix. A comparison of the solution/glass matrix and the solid-state 

luminescence of free and complexed ligand leads to the conclusion that the major influence 

on its photophysical properties, including changes in quantum yield and lifetime, comes from 

the solid-state packing and not from the complexation. 

As already mentioned, the crystal structure influences energy states of the ligand, which 

in its order affects the photoluminescence sensitisation of Ln3+. Therefore, the crystal packing 

was analysed exemplarily for ptpy, [MCl3(ptpy)(py)] (III-M) and [ScCl3(ptpy)] (IV). For the 

ligand itself, the packing is determined by C-H··· interaction (- attraction), with no overlap 

if aromatic rings of different molecules are present. In both complexes, III-M and IV, a 

noticeable intramolecular overlap of ptpy rings is observed, with a distance between them 

333-355 pm. Such - stacking leads to the energy levels shifting and changes the possible 

energy transfers. This is observed in the 1.5-2 fold decrease of the photoluminescence QY of 

the ligand in coordination compounds, shown for 1∞[LaCl3(ptpy)] (II-La), [YCl3(ptpy)] (III-Y), and 

[ScCl3(ptpy)] (IV). Furthermore, in complexes III-M with Pr3+, Ho3+, Er3+, and Tm3+, additional 

broadband emission ascribed to an exciplex emission is observed, a possible result of the -

 stacking in the crystal structure. It can be concluded that the difference in the photophysical 

behaviour of the same ligand in coordination compounds obtained comes from the crystal 

packing. 

In order to influence the photophysical properties of trivalent lanthanides coordination 

compounds with 4′-phenyl-2,2′:6′,2′′-terpyridine, the crystal packing divergence can be 

employed. This can be achieved by either introducing minimal changes in the 4′-phenyl-

2,2′:6′,2′′-terpyridine ligand or by the usage of a co-ligand. This structural types investigation 

(Figure 8.1) points out a possibility for a further variation of compounds obtained. A 

coordination site occupied by the solvent molecule is present in complexes III-M. This can be 

used for the structural modification of products obtained. Either a 2,2′ :6′,2′′-terpyridine 

derivative with a second coordination site or the implementation of an additional ligand can 

increase the dimensionality of products obtained from molecular complexes to coordination 

polymers. This is implemented further in Chapters 5 and 6. There, the focus was to 

investigate the coordination possibilities of 4′-phenyl-2,2′:6′,2′′-terpyridine derivatives with 

Eu3+, as this trivalent lanthanide has the most intense 4f-4f luminescence in the compounds 

previously obtained. Furthermore, the influence of the coordination environment on the 

photoluminescence properties of trivalent lanthanides is observed at best for Eu3+. 

As the pyridine is coordinated to the metal centre in the complexes [MCl3(ptpy)(py)] 

(III-M), the 2,2′:6′,2′′-terpyridine derivatives with an additional pyridine coordination site are 
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required in order to achieve the formation of the polymeric structure. For this purpose, two 

ligands – 4′-(pyrydin-4-yl)-2,2′:6′,2′′-terpyridine (4-pytpy) and 4′-(pyrydin-3-yl)-2,2′:6′,2′′-

terpyridine (3-pytpy) – were used (Chapter 5). In the reaction between these ligands and 

europium trichloride, ionic complexes [EuCl2(X-tpy)2][EuCl4(X-tpy)]·nMeCN (VI) were 

obtained (Scheme 8.2). A similar product was also obtained for ptpy. Examples of similar Ln3+ 

ionic compounds with 2,2′:6′,2′′-terpyridine or its derivatives are known when the lanthanide 

is present in cation, having the formula [EuX2(terpy)2]X. However, in coordination compounds 

VI, the lanthanide ion is also present in the anion, which was observed in complexes with 

other ligands than 2,2′:6′,2′′-terpyridines. During the syntheses of ionic complex VIc with ptpy, 

a monomeric complex [EuCl3(ptpy)(acetamide)] (VII) was obtained, with acetamide forming in 

situ from acetonitrile used as a solvent and water from the metal salt hydrate. The formation 

of ionic salts VI while using a ligand with two coordination sites shows a high tendency towards 

molecular complex formation upon using 2,2′:6′,2′′-terpyridines in reaction with trivalent 

lanthanides. 

 

Scheme 8.2. Summarised synthetic approach towards ionic salts from Chapter 5. 

In order to check the possibility of increasing the dimensionality for complexes III-M so 

that polymeric structure is built through organic linkers, [EuCl3(ptpy)(py)] (III-Eu) was used for 

the ligand exchange reaction with several N,N′-spacers (Scheme 8.3). Pyridine in complex III-

Eu was exchanged for the 4,4′-bipyridine or its analogues, with the formation of dimeric 

complexes [Eu2Cl6(ptpy)2(N,N′-spacer)]·N,N′-spacer (VIII), where two lanthanide ions are 

connected via N,N′-spacer. It was possible not only to connect via organic linker two Eu3+ 

coordinated by 4′-phenyl-2,2′:6′,2′′-terpyridine but also to improve the luminescence intensity 

of the trivalent europium. The photoluminescence quantum of VIIIa yield is 69 %, which is 

higher than for the starting complex III-Eu (52 %). 
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Scheme 8.3. Summarised synthetic approach towards dimeric  

complexes with N,N′-spacer from Chapter 5. 

On the example of compounds VIII, it was proven that it is possible to increase the 

dimensionality of 4′-aryl-2,2′:6′,2′′-terpyridine coordination compounds with Ln3+ – from 

monomeric complexes to dimers. Therefore, in order to obtain coordination polymers with two 

different organic linkers, a ligand with two 2,2′:6′,2′′-terpyridine entities was used, namely 1,4-

bis([2,2′:6′,2′′-terpyridin]-4′-yl)benzene (btpyb). It was used in the reaction with various 

trivalent rare earth element chlorides. As a result, a new crystal packing of the btpyb ligand 

was obtained and investigated. 

Another possible co-ligand type within coordination compounds of trivalent lanthanides 

with 2,2′:6′,2′′-terpyridines that could be introduced is an O-donor ligand. This would also 

increase the stability of possible products against air and humidity. Within this approach, 

several classes of anionic O-donors were investigated to introduce them in a coordination 

environment of Ln3+ within coordination compounds with 2,2′:6′,2′′-terpyridines (Chapter 6). 

In the reaction between trivalent europium chloride with ptpy and benzoic acid, a dimeric 

complex [Eu2Cl4(bc)2(ptpy)2] (IX) is formed (Scheme 8.4). This complex has a high intensity 

of sensitised Eu3+ emission and shows a PLQY of 61 %. Despite having a carboxylic group in 

the structure, compound IX shows thermal stability up to 370 °C – higher than previously 

described complexes with neutral N-donor co-ligand, with which products obtained are stable 

up to 250-300 °C. Introduction of the aromatic carboxylate into the coordination compounds 

of Ln3+ with 2,2′:6′,2′′-terpyridines lead to the enhancement of properties quality, such as 

stability and photophysical performance. 
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It is also possible to have the aromatic carboxylic acid implemented in the structure of 

the terpyridine ligand. In a reaction similar to the one where separate benzoic acid and ptpy 

are used, 4-([2,2′:6′,2′′-terpyridin]-4′-yl)benzoic acid (Hcptpy) forms a coordination polymer 

1
∞[EuCl2(cptpy)] (X) upon deprotonation (Scheme 8.4). Product X has a one-dimensional 

double-chain polymeric structure, with an organic linker responsible for the connectivity. The 

coordination sphere of both dimeric complex IX and CP X is much alike. A monomeric complex 

[YCl2(bc)(ptpy)] (XI) is formed with trivalent yttrium in the reaction similar to the synthesis of 

IX, while dimeric structures are formed with europium. In all three compounds (IX, X, and XI), 

the coord inat ion number is  the same,  seven,  and the molecu lar  st ructure 

 

Scheme 8.4. Summarised synthetic approach towards coordination compounds of Eu3+ with 

4′-aryl-2,2′:6′,2′′-terpyridines and benzoates from Chapter 6 and their schematic structure. 
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difference results from a larger ionic radius of Eu3+ than Y3+. The compound 1
∞[EuCl2(cptpy)] 

(X) was isolated only as a single crystal. This indicates that the formation of coordination 

polymers is more complicated than complexes, despite the similarity in the coordination 

sphere and chemical likeness of compounds IX and X. 

Another aromatic acid – salicylic acid (Hsal) – was used to investigate the formation of 

coordination compounds together with ptpy and trivalent europium. In this case, all three 

anions of the starting europium trinitrate hexahydrate were substituted, with the formation of 

[Eu2(sal)6(ptpy)2(H2O)2]·0.5MeCN (XII). It has a dimeric structure, with two bridging aromatic 

carboxylates, each oxygen of which is coordinated to a different metal ion centre. The 

potential formation of coordination polymers with trivalent lanthanides and 2,2′:6′,2′′-

terpyridine phenolates was also investigated. Sodium 3-([2,2':6',2''-terpyridin]-4'-yl)phenolate 

(3-ONa-ptpy), which differs from ptpy by a presence of phenolic group, was used in the 

reaction with a europium trinitrate. Complex [Eu(NO3)3(3-OH-ptpy)(MeOH)]·MeOH (XIII) was 

isolated as a single crystal. In this compound, only the terpyridine site of the ligand is 

coordinated to the metal centre. This again indicates a high tendency of complex formation 

over coordination polymers for Ln3+ with 2,2′:6′,2′′-terpyridine ligands, even when the latter 

have two coordination sites. 

Further anionic O-donors, two -diketonates, namely acetylacetonate (acac) and 2-

thenoyltrifluoroacetonate (tta), were used to investigate the possibility of modifying the 

structure of Ln3+ complexes with 2,2':6’,2''-terpyridines. In the reaction between a 

corresponding -diketone, europium trinitrate, and ptpy, chemically similar complexes 

[Eu(NO3)2(acac)(ptpy)] (XIVa) and [Eu(NO3)2(tta)(ptpy)] (XIVb) were obtained as single 

crystals (Scheme 8.5). These two compounds show that with 2,2′:6′,2′′-terpyridine modified 

with the -diketonate group, the formation of Ln3+ CPs should be possible. 

 

Scheme 8.5. Summarised synthetic approach for coordination compounds of Eu3+ with  

4′-phenyl-2,2′:6′,2′′-terpyridine and -diketonates from Chapter 6 and their schematic structure. 
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During this work, as a part of the photoluminescence properties evaluation of 

compounds obtained, an emphasis was put on the determination of absolute 

photoluminescence quantum yields (PLQYs). This technique is not a trivial matter for solid-

state compounds, as numerous aspects of the instrumental setup and sample preparation 

should be considered carefully. In the literature, there is a distinctive lack of solid-state 

photoluminescence standards for PLQY measurements. Such standards are required to 

check the instrumental setup to ensure correct values are reported for novel compounds. 

Multiple standards should be employed at best, with checked wavelength regions differing for 

each compound. Therefore, considering the accumulated knowledge about Ln3+ products with 

2,2′:6′,2′′-terpyridines, the search for air-stable compounds with a high luminescence was 

performed. Two complexes were found suitable enough to fill this niche (Chapter 7). In the 

reaction of europium or terbium acetates and ptpy, several tetrameric complexes 

[M4(OAc)12(ptpy)2]·nH2O (XV-M, M = Eu or Tb, n = 0 or 2) are formed (Scheme 8.6). These 

compounds have the same tetrameric core, but each crystallises in different packing. 

Conditions leading to their formation were clarified, and the most stable of these phases 

-[M4(OAc)12(ptpy)2] (XVd-M, M = Eu or Tb) were thoroughly investigated. For both trivalent 

lanthanides, ligand-sensitised photoluminescence is intense, with PLQYs of 58 % for Eu3+ 

and 46 % for Tb3+ complexes. With their stability against external factors, such as thermal 

stability up to 270 °C and in air up to at least 53 % relative humidity, these complexes could 

be used for calibration and checking PLQY measurement setup. 

 

Scheme 8.6. Summarised synthetic approach towards tetrameric complexes of Eu3+/Tb3+ with  

4′-phenyl-2,2′:6′,2′′-terpyridine and acetates from Chapter 7 and their schematic structure. 
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In summary, the potent antenna effect of 4′-phenyl-2,2′:6′,2′′-terpyridine was 

implemented in numerous approaches. With an efficient photoluminescence sensitisation by 

the ligand, the detection of Eu3+ and Tb3+ for their potential recovery was achieved. 

Additionally, the solid-state photoluminescence standards were developed based on the great 

sensitisation of Eu3+ and Tb3+ luminescence by 4′-phenyl-2,2′:6′,2′′-terpyridine.  

The efficient photoluminescence sensitisation of Eu3+ and Tb3+ by 4′-phenyl-2,2′:6′,2′′-

terpyridine and the complexation speed were used prominently for these elements’ detection. 

With the method developed, it is possible to detect trivalent lanthanides in an aqueous solution 

“on the fly” with a bare eye, making it applicable in urban mining. For detection, a minimalistic 

setup is required. The procedure is suitable to be employed in the field for preliminary 

detection of trivalent lanthanides, even with determining their concentration semi-

quantitatively. Thus, the evaluation of the suitability and profitability of the extraction of these 

critical materials from wastewater and leaching solutions is greatly relieved. 

Coordination possibilities of 4′-phenyl-2,2′:6′,2′′-terpyridine and its derivatives with 

trivalent rare earth elements were systematically investigated. The whole lanthanide 

trichloride row was covered, as well as yttrium and scandium. For these elements, several 

structural types were obtained with 4′-phenyl-2,2′:6′,2′′-terpyridine as a ligand. The relation 

between the crystal packing and the solid-state photoluminescence properties of products 

obtained was well drawn. A study to increase the dimensionality of Ln3+ compounds with 

2,2′:6′,2′′-terpyridines from molecular complexes to coordination polymers was fruitfully 

conducted. The possibility of coordination polymers target synthesis was investigated by 

introducing either N-donor or O-donor ligand additionally to 2,2′:6′,2′′-terpyridine moiety, with 

multiple coordination compounds isolated and investigated. 

The fundamental approach to investigating photoluminescence properties of 

coordination compounds obtained was employed. It showed a necessity to develop solid-state 

Ln3+-based standards for quantitative photoluminescence properties. This has been 

successfully done, as two air and thermally stable tetrameric complexes of trivalent europium 

and terbium were obtained. With an excellent Ln3+ luminescence sensitisation by 4′-phenyl-

2,2′:6′,2′′-terpyridine, these compounds are well suitable for use as solid-state 

photoluminescence standards.  

Overall, the number of trivalent rare earth elements’ coordination compounds with 

2,2′:6′,2′′-terpyridines obtained in this work and their thorough analysis enabled the possibility 

of multiple applications. 
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Appendix A. List of used abbreviations and ligands 

CCDC Cambridge Crystallographic Data Centre 

CP Coordination polymer 

DSC Differential scanning calorimetry 

DTA Differential thermal analysis 

ED Electric dipole 

IC Internal conversion 

ISC Intersystem crossing 

IED Induced electric dipole 

Ln Lanthanide 

M Metal cation 

MD Magnetic dipole 

MS Mass spectrometry 

NIR Near infrared 

PLQY or  Photoluminescence quantum yield 

PXRD Powder X-ray diffraction 

RE Rare earth element 

SC Single crystal 

SCXRD Single-crystal X-ray diffraction 

STA Simultaneous thermal analysis 

terpy 2,2′:6′,2′′-terpyridine and its derivatives 

TG Thermogravimetry 

TLC Thin-layer chromatography 

UV Ultraviolet 

ptpy 

 
4′-phenyl-2,2′:6′,2′′-terpyridine 
C21H15N3 FW 309.37 g · mol-1 

4-pytpy 

 
4′-(pyrydin-4-yl)-2,2′:6′,2′′-terpyridine 

C20H14N4 FW 310.36 g · mol-1 
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3-pytpy 

 
4′-(pyrydin-3-yl)-2,2′:6′,2′′-terpyridine 

C20H14N4 FW 310.36 g · mol-1 

btpyb 

 
1,4-bis([2,2′:6′,2′′-terpyridin]-4′-yl)benzene 

C36H24N6 FW 540.63 g · mol-1 

bipy  
4,4′-bipyridine 

C10H8N2 FW 156.19 g · mol-1 

bpa  
1,2-bis(4-pyridyl)ethane 

C12H12N2 FW 184.24 g · mol-1 

bpe  
1,2-bis(4-pyridyl)ethylene 

C12H10N2 FW 182.23 g · mol-1 

Hcptpy 

 

cptpy- 

   
 4-([2,2′:6′,2′′-terpyridin]-4′-yl)benzoic acid 4-([2,2′:6′,2′′-terpyridin]-4′-yl)benzoate 
 C22H15N3O2 FW 353.38 g · mol-1 C22H14N3O2

- FW 352.37 g · mol-1 

Hbc 

 

bc- 

   
 benzoic acid benzoate 
 C7H6O2 FW 122.12 g · mol-1 C7H5O2

- FW 121.12 g · mol-1 

Hsal 

 

sal- 
   
 salicylic acid salicylate 
 C7H6O3 FW 138.12 g · mol-1 C7H5O3

- FW 137.11 g · mol-1 
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4-OH-ptpy 

 

4-O-ptpy- 

   
 4-([2,2′:6′,2′′-terpyridin]-4′-yl)phenol 4-([2,2′:6′,2′′-terpyridin]-4′-yl)phenolate 
 C21H15N3O FW 325.37 g · mol-1 C21H14N3O

- FW 324.36 g · mol-1 

3-OH-ptpy 

 

3-O-ptpy- 

   
 3-([2,2′:6′,2′′-terpyridin]-4′-yl)phenol 3-([2,2′:6′,2′′-terpyridin]-4′-yl)phenolate 
 C21H15N3O FW 325.37 g · mol-1 C21H14N3O

- FW 324.36 g · mol-1 

2-OH-ptpy 

 

2-O-ptpy- 

   
 2-([2,2′:6′,2′′-terpyridin]-4′-yl)phenol 2-([2,2′:6′,2′′-terpyridin]-4′-yl)phenolate 
 C21H15N3O FW 325.37 g · mol-1 C21H14N3O

- FW 324.36 g · mol-1 

Hacac 

 

acac- 

   
 acetylacetone acetylacetonate 
 C5H8O2 FW 100.12 g · mol-1 C5H7O2

- FW 99.05 g · mol-1 

Htta 

 

tta- 
   
 2-thenoyltrifluoroacetone 2-thenoyltrifluoroacetonate 
 C8H5F3O2S FW 222.18 g · mol-1 C8H4F3O2S

- FW 221.17 g · mol-1 
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Appendix B. Additional crystallographic data 

B.1. CCDC 1987860: catena-(tris(μ-chloro)-(4′-phenyl-2,2′:6′,2′′-terpyridine)-
lanthanum unknown solvate 

 

This crystal structure is a part of the results presented in Chapter 4 “Coordination 

compounds of trivalent rare earth chlorides with 4′-phenyl-2,2′:6′,2′′-terpyridine” 

 

This crystal structure has been deposited in the 

Cambridge Crystallographic Data Centre 

 

 

 

Alexander E. Sedykh, Dirk G. Kurth, and Klaus Müller-Buschbaum 

CCDC 1987860: Experimental Crystal Structure Determination, 2020 

DOI 10.5517/ccdc.csd.cc24qjjy 

Reproduced with permission of Cambridge Crystallographic Data Centre. 

CCDC (2017). CSD web interface – intuitive, cross-platform, web-based access to CSD 

data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK. 

  

https://dx.doi.org/10.5517/ccdc.csd.cc24qjjy
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B.2. CCDC 1987861: (benzoato)-dichloro-(4′-phenyl-2,2′:6′,2′′-terpyridine)-yttrium 

 

This crystal structure is a part of the results presented in Chapter 6 ”Trivalent rare earth 

elements coordination compounds with 2,2′:6′,2′′-terpyridines and anionic O-donor ligand” 

 

This crystal structure has been deposited in the 

Cambridge Crystallographic Data Centre 

 

 

 

Alexander E. Sedykh, Dirk G. Kurth, and Klaus Müller-Buschbaum 

CCDC 1987861: Experimental Crystal Structure Determination, 2020 

DOI 10.5517/ccdc.csd.cc24qjkz 

Reproduced with permission of Cambridge Crystallographic Data Centre. 

CCDC (2017). CSD web interface – intuitive, cross-platform, web-based access to CSD 

data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK. 

  

https://dx.doi.org/10.5517/ccdc.csd.cc24qjkz
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B.3. CCDC 2163964: bis(μ-2-hydroxybenzoato)-diaqua-bis(2-hydroxybenzoato-
O,O')-bis(2-hydroxybenzoato-O)-bis(4'-phenyl-2,2':6',2''-terpyridine)-di-
europium(III) acetonitrile solvate 

 

This crystal structure is a part of the results presented in Chapter 6 ”Trivalent rare earth 

elements coordination compounds with 2,2′:6′,2′′-terpyridines and anionic O-donor ligand” 

 

This crystal structure has been deposited in the 

Cambridge Crystallographic Data Centre 

 

 

 

Alexander E. Sedykh, Dirk G. Kurth, and Klaus Müller-Buschbaum 

CCDC 2163964: Experimental Crystal Structure Determination, 2022 

DOI 10.5517/ccdc.csd.cc2bms92 

Reproduced with permission of Cambridge Crystallographic Data Centre. 

CCDC (2017). CSD web interface – intuitive, cross-platform, web-based access to CSD 

data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK. 

  

https://dx.doi.org/10.5517/ccdc.csd.cc2bms92
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B.4. CCDC 1987859: trinitrato-(methanol)-[3-([2,2′:6′,2′′-terpyridin]-4′-yl)phenol]-
europium(III) methanol solvate 

 

This crystal structure is a part of the results presented in Chapter 6 ”Trivalent rare earth 

elements coordination compounds with 2,2′:6′,2′′-terpyridines and anionic O-donor ligand” 

 

This crystal structure has been deposited in the 

Cambridge Crystallographic Data Centre 

 

 

 

Alexander E. Sedykh, Svetlana A. Sotnik, Dmitriy M. Volochnyuk, 

Sergey V. Kolotilov, and Klaus Müller-Buschbaum 

CCDC 1987859: Experimental Crystal Structure Determination, 2020 

DOI 10.5517/ccdc.csd.cc24qjhx 

Reproduced with permission of Cambridge Crystallographic Data Centre. 

CCDC (2017). CSD web interface – intuitive, cross-platform, web-based access to CSD 

data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK. 

https://dx.doi.org/10.5517/ccdc.csd.cc24qjhx
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B.5. CCDC 2163962: acetylacetonato-dinitrato-(4'-phenyl-2,2':6',2''-terpyridine)-
europium(III) 

 

This crystal structure is a part of the results presented in Chapter 6 ”Trivalent rare earth 

elements coordination compounds with 2,2′:6′,2′′-terpyridines and anionic O-donor ligand” 

 

This crystal structure has been deposited in the 

Cambridge Crystallographic Data Centre 

 

 

 

Alexander E. Sedykh, Dirk G. Kurth, and Klaus Müller-Buschbaum 

CCDC 2163962: Experimental Crystal Structure Determination, 2022 

DOI 10.5517/ccdc.csd.cc2bms70 

Reproduced with permission of Cambridge Crystallographic Data Centre. 

CCDC (2017). CSD web interface – intuitive, cross-platform, web-based access to CSD 

data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK. 

  

https://dx.doi.org/10.5517/ccdc.csd.cc2bms70
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B.6. CCDC 2163963: dinitrato-thienoyltrifluoroacetonato-(4'-phenyl-2,2':6',2''-
terpyridine)-europium(III) 

 

This crystal structure is a part of the results presented in Chapter 6 ”Trivalent rare earth 

elements coordination compounds with 2,2′:6′,2′′-terpyridines and anionic O-donor ligand” 

 

This crystal structure has been deposited in the 

Cambridge Crystallographic Data Centre 

 

 

 

Alexander E. Sedykh, Dirk G. Kurth, and Klaus Müller-Buschbaum 

CCDC 2163963: Experimental Crystal Structure Determination, 2022 

DOI 10.5517/ccdc.csd.cc2bms81 

Reproduced with permission of Cambridge Crystallographic Data Centre. 

CCDC (2017). CSD web interface – intuitive, cross-platform, web-based access to CSD 

data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK. 

https://dx.doi.org/10.5517/ccdc.csd.cc2bms81
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