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Abstract 

The synthesis and characterization of new coordination polymers and complexes 

of the lanthanide series (Ln), besides heterobimetallic compounds of lanthanides and 

alkaline earth metals with the N-donor ligands 3-(2-pyridyl)pyrazole (2-PyPzH), 3-(3-

pyridyl)pyrazole (3-PyPzH), and 3-(4-pyridyl)pyrazole (4-PyPzH) and the 

characterization of their photophysical and magnetic properties, have been achieved. 

Chapter 1 provides an introduction to lanthanides and their photoluminescence 

and magnetic properties, as well as a literature survey of some N-donor ligands besides 

known coordination compounds of trivalent lanthanide elements with 2-PyPzH and its 

derivatives; no previous lanthanide-containing compounds with 3-PyPzH and 4-PyPzH 

have been reported in the literature. Research goals are stated in Chapter 2. 

In Chapter 3 and along the way to study the interaction between luminescence 

and magnetism within lanthanide-based coordination polymers (CPs), a synthesis of 76 

CPs and complexes was achieved. Three series of 35 homoleptic 3D-, 2D-, and 1D-

coordination polymers were prepared by redox reactions of elemental lanthanides with 

2-PyPzH, 3-PyPzH, and 4-PyPzH. Three heteroleptic 2D-networks, including divalent 

europium, were also prepared as an example of another Ln oxidation state. Three 

heterobimetallic lanthanide/alkaline earth complexes and two alkaline earth complexes 

were synthesized by solvothermal synthesis of elemental lanthanide and/or alkaline 

earth metals (AE) with 2-PyPzH. The synthesis and structural characterization of 33 

heteroleptic 3D- and 2D-coordination polymers and complexes, some of which are 

polymorphic, were achieved, along with salt-like complexes that differ in constitution 

and structural extension of lanthanide chlorides together with 2-PyPzH and 3-PyPzH. 

 Studying the photophysical properties of the synthesized CPs and complexes, 

one of the main goals, has revealed:  

1. Unique pink through orange to bright red emitting Ce3+-based 2D-networks, 3D-

frameworks, and complexes are unusual cases of emission colors of Ce3+, which marks 

an example of a strong reduction of the excited 5d states of Ce3+. 

2. The pyridylpyrazole/ates act as excellent photoluminescence sensitizers in 

trivalent lanthanide coordination compounds by increasing the intensity of the 

characteristic 4f–4f metal ion emission. The high luminescence efficiency is indicated 

by excellent to moderate quantum yields from 92 %, 76 % to 74 % for Tb3+ and up to 6 

% for Eu3+ frameworks and complexes, for instance.  

3. Tuning the luminescence chromaticity from green to yellow and red towards 

white light emission is achieved by co-doping the Gd-containing frameworks with Eu3+ 

and Tb3+, as well as the co-doping of Eu3+ with Tb3+ and vice versa. 

4. The study ligands do not only pass a strong antenna effect for the Ln3+ emitters 

in the visible region but also for the near-infrared (NIR) emitters. Uncommon NIR 

emission bands of Tm3+ and Ho3+ besides Pr3+, Er3+, and Nd3+ were detected. 

 Another goal was to characterize the magnetic properties using direct current 

(DC) measurements. The DC magnetic susceptibility studies show weak ferromagnetic 

interactions for Ho3+ and absence of interatomic interactions for Dy3+ and Er3+, which 

limits the study of the interaction between the magnetic and photophysical properties. 
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Kurzzusammenfassung 

Die Synthese und Charakterisierung neuer Koordinationspolymere und Komplexe 

der Lanthanidenreihe (Ln) mit heterobimetallischen Verbindungen von Lanthaniden und 

Erdalkalimetallen mit den N-Donor-Liganden 3-(2-Pyridyl)pyrazol (2-PyPzH), 3-(3-

Pyridyl)pyrazol (3-PyPzH) und 3-(4-Pyridyl)pyrazol (4-PyPzH) sowie die 

Charakterisierung ihrer photophysikalischen und magnetischen Eigenschaften sind 

gelungen.  

Kapitel 1 bietet eine Einführung in die Lanthanide und ihre Photolumineszenz- 

und magnetischen Eigenschaften sowie einen Literaturüberblick über einige N-Donor-

Liganden neben den bekannten Koordinationsverbindungen von dreiwertigen 

Lanthaniden mit 2-PyPzH und seinen Derivaten; in der Literatur sind bisher keine 

lanthanidhaltigen Verbindungen mit 3-PyPzH und 4-PyPzH bekannt. Die 

Forschungsziele sind in Kapitel 2 aufgeführt. 

In Kapitel 3 und auf dem Weg zur Untersuchung der Wechselwirkung zwischen 

Lumineszenz und Magnetismus in Koordinationspolymeren (CPs) auf 

Lanthanidenbasis wurde eine Synthese von 76 CPs und Komplexen erreicht. Drei 

Serien von 35 homoleptischen 3D-, 2D- und 1D-Koordinationspolymeren wurden durch 

Redoxreaktionen von elementaren Lanthaniden mit 2-PyPzH, 3-PyPzH und 4-PyPzH 

hergestellt. Drei heteroleptische 2D-Netze, einschließlich zweiwertigem Europium, 

wurden ebenfalls als Beispiel für eine andere Ln-Oxidationsstufe hergestellt. Drei 

heterobimetallische Lanthaniden/Erdalkalimetall-Komplexe und zwei Erdalkalimetall-

Komplexe wurden durch solvothermalsynthese von elementaren Lanthaniden und/oder 

Erdalkalimetallen (AE) mit 2-PyPzH hergestellt. Die Synthese und strukturelle 

Charakterisierung von 33 heteroleptischen 3D- und 2D-Koordinationspolymeren und 

komplexen, von denen einige polymorph sind, sowie von salzähnlichen Komplexen, die 

sich in der Konstitution und strukturellen Ausdehnung von Lanthanidchloriden 

zusammen mit 2-PyPzH und 3-PyPzH unterscheiden, wurde erreicht. 

Die Untersuchung der photophysikalischen Eigenschaften der synthetisierten CPs 

und Komplexe, eines der Hauptziele, hat gezeigt:  

1. Einzigartige rosa zu orangefarbene bis leuchtend rote Ce3+-basierte 2D-

Netzwerke, 3D-Gerüste und Komplexe sind ungewöhnliche Fälle von Ce3+-

Emissionsfarben, die ein Beispiel für eine starke Reduzierung der angeregten 5d-

Zustände von Ce3+ darstellen. 

2. Die Pyridylpyrazol/ate wirken als ausgezeichnete Photolumineszenz-

Sensibilisatoren in dreiwertigen Lanthanid-Koordinationsverbindungen, indem sie die 

Intensität der charakteristischen 4f–4f-Metallionenemission erhöhen. Die hohe 

Lumineszenzeffizienz zeigt sich in ausgezeichneten bis mäßigen Quantenausbeuten 

von 92 %, 76 % bis 74 % für Tb3+ und bis zu 6 % für Eu3+-Gerüste und -Komplexe. 

3. Die Abstimmung der Lumineszenzchromatizität von grün über gelb und rot bis 

hin zu weißer Lichtemission wird durch die Ko-dotierung der Gd-haltigen Gerüste mit 

Eu3+ und Tb3+ sowie durch die Ko-dotierung von Eu3+ mit Tb3+ und umgekehrt erreicht. 

4. Die untersuchten Liganden haben nicht nur eine starke Antennenwirkung für die 

im sichtbaren Bereich emittierenden Ln3+, sondern auch für die Nah-Infrarot (NIR)-
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Emitter. Neben Pr3+, Er3+ und Nd3+ wurden auch ungewöhnliche NIR-Emissionsbanden 

von Tm3+ und Ho3+ nachgewiesen. 

 Ein weiteres Ziel war die Charakterisierung der magnetischen Eigenschaften mit 

Hilfe von Gleichstrommessungen (DC). Die Untersuchungen der magnetischen 

Gleichstromsuszeptibilität zeigen schwache ferromagnetische Wechselwirkungen für 

Ho3+ und das Fehlen interatomarer Wechselwirkungen für Dy3+ und Er3+, was die 

Untersuchung der Wechselwirkung zwischen den magnetischen und 

photophysikalischen Eigenschaften einschränkt.
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1. Introduction 

1.1. What is lanthanide?  

Lanthanide or lanthanoid (Ln), is a series of 15 chemical elements from lanthanum 

(La) to lutetium (Lu) (atomic numbers 57–71). Although the IUPAC recommends using 

the name lanthanoid instead of lanthanide, as the suffix "-ide" is preferred for negative 

ions, whereas the suffix "-oid" implies similarity to one of the members of the enclosing 

family of elements,[1] lanthanide is the most commonly used nomenclature.[2-3] 

Lanthanides, along with the chemically similar elements scandium (Sc) and yttrium (Y) 

are often referred to as rare earths. "Rare" refers to the difficulty of separating out each 

of the individual lanthanide elements,[4] whereas "earth" refers to the fact that they 

naturally occur in their oxidized form in salts and minerals.[2] Group 3 elements (Sc, Y, 

and La) are in fact the first elements of their respective d-transition series (3d, 4d, and 

5d). The remaining lanthanides (Ce–Lu) are not visible in the main frame of the periodic 

table of the elements and they are commonly listed separately at the bottom; their place 

has been and still is the subject of debate. 

 

Figure 1.1. 4f-elements or lanthanides with the valence shell electronic configuration [Xe]4fn,n-1 5d0,16S2.  

The lanthanide chemistry started when J. Gadolin discovered a black mineral in 

1794, known nowadays as gadolinite, and obtained yttria, an impure form of Y2O3. In 

1803, Berzelius and Klaproth obtained ceria from cerite.[5] Mosander was the first to 

separate these earths into their oxides, from 1839 to 1843. However, the discovery of 

all 15 elements would not be complete until H. Moseley (1887–1915) analysed the X-

ray spectra of the elements and gave meaning to the concept of atomic numbers.[6] 

Industrial applications had to wait for Carl Auer von Welsbach, who invented the 

incandescent mantle for gas lighting in 1891 and the mischmetal in 1903, a crucial 

component of flint stones and employed in a number of metallurgical processes.[3] 

The most abundant lanthanide element in the earth’s crust is clearly Ce (60–68 

ppm), followed by Nd and La with abundances half that of Ce; Pr, Sm, Gd, and Dy have 

abundances in the range 5–10 ppm, while other elements are less abundant, with 

lutetium being the least abundant (<0.5 ppm).[2]  

https://en.wikipedia.org/wiki/Scandium
https://en.wikipedia.org/wiki/Yttrium
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The trivalent state with the electronic configuration [Xe]4fn, n = 0 for La3+ to n = 14 

for Lu3+, dominates the chemistry of lanthanides in solutions and solid states.[7] 

Additionally, the oxidation states +2 for Eu, Yb, and Sm and +4 for Ce, Tb, and Pr are 

accessible.[2] Ln3+ ions have large ionic radii and can therefore accommodate large 

coordination numbers from 6 to 12, making them very adaptable to many coordination 

environments. The ionic radius decreases gradually with increasing atomic number and 

thus increasing charge density, resulting in the so-called “lanthanide contraction”.[7] 

1.2. Photoluminescence of trivalent lanthanides 

The key aspect for understanding the chemistry, spectroscopic, and magnetic 

properties of lanthanide-based materials is the shielding of the valence 4f orbitals from 

the coordination environment by the filled 5s and 5p orbitals.[8] The energy level of a 

lanthanide ion is denoted by the term symbol 2S+1ᴦJ , where S is the total spin quantum 

number, (2S + 1) the spin multiplicity, and J the total spin-orbit coupling quantum 

number, with values ranging from (L + S) to (L − S) where L is the total orbital angular 

quantum number, and ᴦ is denoted by the letters S,P,D,F,G,H, and I for L = 0, 1, 2, 3, 4, 

5, and 6. The ground state of a specific Ln3+ ion can be determined using Hund's rules, 

in the sequence that follows: 1) the ground state 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. When a Ln3+ ion is 

introduced into a chemical environment, the (2J + 1)-degenerate J-levels are split into 

Stark sub-levels by ligand field effects.[9] For J-levels of odd-numbered electronic 

configurations, the degeneracy is not completely lifted, since all ligand field sublevels 

are at least doubly degenerate (Kramer’s doublets): the degeneracy can only be 

eliminated by applying a magnetic field, which explains the various lines observed in 

Ln3+ optical spectra. 

The electrical transitions involving lanthanide ions are of three different types:  

1) Sharp intraconfigurational 4f–4f transitions with electron rearrangement within 

the 4fn subshell. Electric dipole transitions are forbidden by both Laporte’s and 

spin selection rules.[10] However, when the lanthanide ion is under the influence 

of a ligand field, noncentrosymmetric interactions allow electronic states of 

opposite parity to be mixed into the 4f wavefunctions, relaxing the selection rules, 

and the transition becomes partially-allowed; this is called the induced electric 

dipole (ED) transition.[9] The magnetic dipole (MD) transitions are allowed but 

very weak. Quadrupolar transitions are also parity-allowed, but they are much 
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weaker than MD transitions, so they are typically not detected. Hypersensitive 

(pseudo-quadrupolar) transitions are induced ED transitions that are extremely 

sensitive to the metal ion environment.  

The f–f emission lines for the Ln3+ ions cover the entire spectrum, from the 

ultraviolet (Gd3+) through the visible (Pr3+, Sm3+, Eu3+, Tb3+, Dy3+, and Tm3+) and 

near infrared (Pr3+, Nd3+, Ho3+, Er3+, and Yb3+) spectral ranges.[11] Some ions are 

fluorescent (ΔS = 0), others are phosphorescent (ΔS ≠ 0), and some are both. 

The 4f–4f emission lines are sharp because the electronic rearrangement 

following the promotion of an electron to a 4f orbital of higher energy does not 

significantly disrupt the binding pattern in the molecules since 4f orbitals do not 

participate much in this binding (the covalency of Ln3+-ligand bonds is at most 5–

7 %). Therefore, the internuclear distances remain almost the same in the excited 

state, which produces narrow bands and very small Stokes shifts when the ions 

are excited directly.  

2) Not all the lanthanide ions give rise to f–f transitions, including obviously the f0 

and f14 species, La3+ and Lu3+. Likewise, there are no f–f transitions for the 

f1(Ce3+) ion, as with only a single L-value, there is no upper 4f state. Ce3+ as well 

as Eu2+ give rise to parity-allowed, environment dependency and broad 4f→5d 

transitions. They enable tunable emission color, because the excited 5d energy 

levels are sensitive to the coordination environment, resulting in dependence of 

the coordination partners and the crystal field on the emission and its 

chromaticity.[12-15] Due to linkers and solvent molecules, most of the reported 

Ce3+ and Eu2+ coordination polymers (CPs) and complexes are non-emissive.[16] 

The most common examples of emissive Ce3+ compounds emit in the near 

ultraviolet and blue/green regions.[17-18] In addition, some doped materials exhibit 

green/yellow emission.[19-22] The most remarkable was the unusual yellow 

emitting Ce:YAG phosphors which have been extensively investigated in laser 

diode (LD) lighting because of their high quantum efficiency, thermal stability, 

and wide emission spectrum.[23-27] Recently, the red emission in solid state light 

emitting diodes (LEDs) was within the scope of Ce/Pr systems, such as 

Lu3Al5O12:Ce3+Pr3+,[28-29] YAG:Ce3+Pr3+,[30-31] Gd3Ga5O12:Ce3+Pr3,[32] Y3Al5O12:Ce 

nanophosphor doped with Pr3+,[33] and the cerium-doped scandate.[34-35] 

3) Broad allowed charge-transfer transitions in which an electron is transferred from 

the metal ion to the bonded ligands (MLCT) or vice versa (LMCT). MLCT 
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transitions are very rarely identified in Ln3+ spectra, with the exception of Ce3+, 

which can be oxidized to Ce4+. LMCT are commonly observed in Eu3+ and Yb3+. 

The lifetime of the excited state 𝜏𝑜𝑏𝑠 = 1 𝑘𝑜𝑏𝑠⁄ , 𝑘𝑜𝑏𝑠 is the rate constant (s‒1) of the 

depopulation of the excited state and the quantum yield Φ. The Φ is the ratio between 

the number of emitted photons divided by the number of absorbed photons. It is an 

important parameter characterizing the emission of light from the Ln3+ ion. The Φ differs 

from the intrinsic quantum yield (𝛷Ln
Ln = 𝑘𝑟𝑎𝑑 𝑘𝑜𝑏𝑠⁄ = 𝜏𝑜𝑏𝑠 𝜏

𝑟𝑎𝑑⁄ ), which reflects the extent 

of non-radiative deactivation processes occurring in both the inner and outer 

coordination spheres of the metal ion. 𝑘𝑟𝑎𝑑 is the radiative rate constant and 𝑘𝑜𝑏𝑠 is the 

sum of the rates of the various radiative and non-radiative rate constants.[36] 

Furthermore, the internal quantum yields (IQY) of the Eu3+ centered emission can be 

calculated using the Wert’s formula IQY = 𝜏𝑜𝑏𝑠 𝜏
𝑟𝑎𝑑⁄  = 𝜏𝑜𝑏𝑠𝐴𝑀𝐷,0𝑛

3(𝐼𝑡𝑜𝑡 𝐼𝑀𝐷)⁄ , 𝐴𝑀𝐷,0 = 

14.65 S‒1 for Eu3+, which represents the constant spontaneous emission probability, 𝐼𝑡𝑜𝑡 

represents the total area of the emission spectrum (5D0→7FJ, J = 0–6), and 𝐼𝑀𝐷,0 is the 

area of the 5D0→7F1 transition.[37-38] The refractive index equals 1.5 according to the 

literature.[39] The lifetimes for the parity-allowed transitions are expected to be in 

nanoseconds, which are significantly shorter than those of the parity-forbidden 

transitions, where lifetimes approach micro- and milliseconds. 

Ineffective luminescence is typically caused by direct excitation of 4f-excited 

levels. This aspect negatively influences both the intensities and the quantum yields 

associated with the processes. A well-known escaping route is the so-called antenna 

effect (or luminescence sensitization). This phenomenon can be modeled using 

Jablonsky’s diagram (Figure 1.2).[40] Upon excitation in the UV region, the ligand is 

excited to higher singlet states (Sn) and can either radiatively decay to the ground state 

(fluorescence) or undergo a non-radiative intersystem crossing to a triplet state. The 

ligand in the long-lived triplet excited state (T1) can either radiatively decay to the ground 

state (phosphorescence) or it can transfer its energy to the closely-lying lanthanide 

metal excited state (non-radiative energy transfer). To achieve an optimal luminescence 

quantum yield, the energy difference between the triplet excited state of the ligand and 

the excited state of the lanthanide should be around 2500‒3500 cm‒1 (Latva’s rule).[41] 

A larger distance negatively affects the efficiency of the energy transfer, while a smaller 

distance allows partial back transfer from the metal to the ligand with subsequent 

radiative or non-radiative decay from the ligand excited state. The intrinsic nature of the 

energy transfer is often difficult to assess, as direct transfers from singlet states may 
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also be observed and charge transfer states (LMCT, MLCT, and intra-ligand charge 

transfer (ILCT)) can either positively or negatively perturb the mechanism. For 

lanthanides with charge-transfer states at low energies (e.g. Eu3+ and Sm3+) or for 

complexes with low-lying ILCT states, an additional non-radiative quenching occurs 

through back energy transfer to the ligand. A direct electron exchange via a double 

electron exchange mechanism (Dexter) may occur when the antenna molecule is within 

the bonding distance to the lanthanide ion (30‒50 pm). When the antenna molecule or 

complex is embedded as a guest in the framework of a lanthanide-based MOF, an 

electrostatic multipolar (Förster) transfer process with distances up to 1000 pm may be 

observed.[9]  

 

Figure 1.2. A simplified Jablonski diagram showing the possible radiative and non-radiative transitions. 

Back transfer processes are not drawn for the sake of clarity. 

The synthesis and design of Ln-based compounds may also have a significant 

influence on their lifetimes and quantum yields. Vibrational quenching is one of the 

possibilities, which can be either direct or via phonons. It is related to the presence of 

high-energy O‒H and N‒H bond vibrations close to a luminescent metal center. When 

those vibrations originate from solvent molecules either within the porous structure or 

coordinated to the metal center, they can be eliminated by using solvent-free routes or 

post-synthetic treatment. Concentration quenching (or cross-relaxation) is another 

possibility, in which the excitation energy is transferred between nearby luminescent 

centers until a defect is reached or a non-radiative process takes place. As a result, 

energy is lost without any visible emissions. Reducing the concentration of luminous 

metal centers or separating them with extended ligands might improve the luminescent 

properties of CPs and metal organic frameworks (MOFs).[42]  
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1.3. Magnetism of trivalent lanthanides 

With the discovery of the [Tb(pc)2]‒ anion, where pc = dianion of phthalocyanine, 

lanthanide ions entered the field of molecular magnetism.[43-45] Molecular magnets are 

molecules that are able to retain their intrinsic magnetization for some time after the 

externally applied magnetic field has been removed. Magnetic hysteresis, magnetic 

remanence, and maxima in the out-of-phase magnetic susceptibility are all result of an 

efficient magnetization blocking property.[46] The comparatively high level of interest in 

molecular magnets was driven by the idea of storing information in an ultradense 

fashion, one bit per molecule (or atom), provided that the surface of a hard drive was 

covered with molecular magnets rather than traditional materials.  

The lanthanide ions exhibit large spin-orbit couplings because of the smaller 

crystal field interactions, which results in a high magnetic anisotropy and a slow 

relaxation of the magnetization.[47] With the exception of La3+ and Lu3+ (diamagnetic), 

the Ln3+ ions all contain unpaired electrons and are paramagnetic. Their magnetic 

properties (with the exception of Sm3+ and Eu3+) are completely determined by the 

ground state since the excited states are so well separated from the ground state (due 

to spin-orbit coupling) and thus thermally inaccessible. The characteristic magnetic 

moment for each Ln3+ leads to an interaction between this ion and an applied external 

magnetic field.[48] The magnetic moment of the Ln3+ ions is basically independent of the 

environment, similar to the photophysical properties. The magnetic moments in the 

second half of the series are larger than the moments in the first half because 𝐽 = 𝐿 + 𝑆 

for a more than half-filled shell and 𝐽 = 𝐿 − 𝑆 for a less than half-filled shell. The following 

equation is used to calculate the effective magnetic moment for Ln3+: μ𝑒𝑓𝑓 =

𝑔𝐽√𝐽(𝐽 + 1), 𝑔𝐽 = [𝐽(𝐽 + 1) + 𝑆(𝑆 + 1) − 𝐿(𝐿 + 1)] 2𝐽(𝐽 + 1)⁄ .[2] The strength of the spin-

orbit coupling means that the ground state is well separated from excited states, with 

the exception of Sm3+ and Eu3+ where contributions from low-lying paramagnetic excited 

states contribute to the magnetic moment. Thus, if the magnetic properties of the Eu3+ 

ion were solely determined by the 7F0 ground state, its compounds would be 

diamagnetic, while contributions from thermally accessible levels such as 7F1 and 7F2 

lead to the observed room-temperature magnetic moments in the region of 3.5 μB. In 

similarly, in the case of Sm3+, the thermal population of the 6H7/2 state leads to moments 

around 1.6 μB, rather than the value of 0.845 μB that would be expected if only the 6H5/2 

ground state were responsible.[6] 
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1.4. Coordination compounds of trivalent lanthanides with N-donor ligands 
including pyridylpyrazoles 

The coordination polymers (CPs) and complexes of lanthanides with N-donor 

ligands have been the focus of research efforts in recent decades.[49-54] The ligands 

must be less sterically demanding in order to prevent the formation of small molecular 

complexes, which is essential for the formation of coordination polymers.[51] Especially 

multi-N aromatic heterocycles give Ln–N coordination polymers.[55-57] A lot of research 

focused mainly on solvent-free approaches for preparing Ln-based CPs, such as solid-

state reaction routes where a solid reacts with a melt or a liquid under solvothermal 

conditions. These syntheses have made it possible to access a large number of different 

CPs and metal organic frameworks (MOFs) with a variety of N-heterocycles.[49, 58-59]  

A lot of studies focused on the amines that, according to the following equation, 

can oxidize lanthanide metals to produce the appropriate amides and release 

hydrogen.[55] 

Ln + xHNR2
∆T
→ Ln(NR2)x +

x
2⁄ H2 

The solid-state reaction of the lanthanides with N-heterocycles and the elimination 

of typical solvents is particularly essential for the preparation of amides with small ring 

systems (Scheme 1.1) starting from 1N-heterocycles such as pyrrole[60-61] and 

carbazole[62-63] to 2-N ligands such as pyrazole[64-66] and imidazole[52-54] and to ring 

systems that contain 3-N atoms or more such as triazole,[49, 67-68] benzotriazole,[55-56] and 

triazolopyridine[57] compared to, for example, phthalocyanates,[69-70] as they are less 

suited for competition with coordinating solvent molecules due to their little sterical 

influence and can also not engage in multi-chelating.  

The products obtained from the extreme conditions of melt reactions are unique 

and exhibit interesting features such as the formation of homoleptic compounds[51, 71-72] 

and coordination polymers,[63, 65-66] whereas for syntheses in solvents, ligand criteria 

such as multi-chelating[73-74] are necessary to obtain homoleptic compounds. For 

instance, the solvent-free melt reaction of Eu and Yb with the N-heterocycle 1,2,4-

triazole, gave the first three-dimensional networks of the lanthanides with complete 

nitrogen coordination spheres.[49] Furthermore, this synthesis strategy was also a 

suitable approach to the chemistry of MOFs.[50] The avoidance of coordinated solvent 

molecules as well as the deprotonation of the N-H group of the ligands has raised the 

antenna efficiency of the ligands, which resulted in better photophysical properties.[67] 
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Scheme 1.1. Selected examples of N-heterocyclic amines from 1-N ligands to 

multi-N ligands. 

The solid state reactions have expanded to include the reactions of anhydrous 

trivalent lanthanide chlorides and multiple N-donor ligands. The use of N-donor ligands 

(Scheme 1.2) has extended from one-ring aromatic ligands such as pyrimidine,[75] 

pyrazine[75] to two rings in 4,4´-bipyridine,[12, 76-79] 1,2-bis(4-pyridyl)ethane,[80-81] 1,2-Di(4-

pyridyl)ethylene,[82-84] and chelating organic ligands such as 2,2´-bipyridine[85-86] to more 

bulky chelating ligands such as 1,10-phenanthroline,[87-88] and terpyridine including their 

multiple derivatives.[89-95] All the previously mentioned ligands has proven to be suitable 

to coordinate with trivalent lanthanides to form complexes and coordination polymers, 

depending on the coordination modes of the ligands and the reaction conditions. The 

pyrazine and pyrimidine, together with thiazole (thz)  and lanthanide trichlorides, several 

complexes and coordination polymers were obtained that show efficient sensitization 

both, for Tb3+ in the visible and for Er3+ in the near-infrared (NIR) range. In the recent 

decades, we saw that bipyridyl ligands such as bipyridine or 1,2-bis(4-pyridyl)ethane 

can act as very efficient sensitizers for trivalent lanthanides.[77-78, 80, 96] For the 1,2-Di(4-

pyridyl)ethylene, sensitization outside the beneficial energy gap could be observed for 

Ln3+-NIR emitters such as Nd3+ or even Er3+, if thz was included as co-ligand.[82] 

However, the respective pyridyl ligands could either effectively sensitize Ln emitters in 

the visible or in the NIR range. Terpyridine and its derivatives are known to enhance 

trivalent lanthanide luminescence.[89-92] Several coordination compounds with 4′-phenyl-

2,2′:6′,2′′-terpyridine (ptpy) were obtained at elevated temperatures as coordination 

polymers and as complexes at lower synthesis temperatures, covering the complete 

lanthanide series.[93] Recently, ptpy was engaged in a rapid “on the fly”-procedure which 
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was developed for a qualitative and semi-quantitative detection of trivalent ions used in 

recovery and urban mining processes.[97]  

 

Scheme 1.2. Selected examples of N-heterocycles. 

Pyridylpyrazole and its derivatives are a class of N-donor ligands that have been 

widely used in coordination chemistry because of their several coordination modes with 

transition metals, although few examples of reactions with lanthanides have been 

reported.[98-104] The general synthesis of the ligands is outlined in Scheme 1.3 and 

follows the usual pattern for the preparation of substituted pyridylpyrazole ligands.[105-

107]  

 

Scheme 1.3. General synthesis of pyridylpyrazol ligands from acetylpyridine and DMF-dimethyl acetal. 

Various pyridylpyrazole-based ligands have shown good effectiveness for 

An3+/Ln3+ separation, with the N-donor ligands showing better chemical and irradiation 

stability compared to the soft S-donor ligands.[108-109] For instance, 3-(2-pyridylpyrazole) 

(2-PyPzH) was used to study the complexation behavior with Ln3+ ions during the 

separation efficiency study of C8-2-PyPzH, with the C8 branched chain at position 5, 

obtaining two complexes [Eu(2-PyPzH)2(NO3)3]ꞏMeCN (1) and [Sm(2-
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PyPzH)2(NO3)2(H2O)(EtOH)][NO3]ꞏMeCN (2) (Scheme 1.4).[108] The tetradentate 1,3-

bis-[3-(2-pyridyl)pyrazol-1-yl]propane (Bippp) ligand, in which the two pyridylpyrazole 

groups are linked by an aliphatic bridge, has also been used as an extractant of Am3+ 

and Eu3+ to obtain [Eu(Bippp)(NO3)2(H2O)][NO3] (3).[109] A further example is the 

formation of [Ln(C5-BPP)(NO3)3(DMF)] (4), (Ln = Sm3+ and Eu3+, C5-BPP = 2,6-bis(5-

(2,2-dimethylpropyl)-1H-pyrazol-3-yl)pyridine).[110] 

The poly(pyrazolyl)borate ligands have proven to be extremely popular among 

coordination chemists since their introduction in 1967[111] for a wide range of 

applications because of their ease of synthesis, ease of functionalization, and the steric 

protection that they afford to metal centers.[112-114] In the last two decades, other 

derivatives of these ligands have been prepared using substituents at the C3-position of 

each pyrazolyl ring; these ligands have found wide application in both catalysis and 

modeling of metalloprotein active sites.[115-116] Tris[3-(2-pyridyl)pyrazolyl]-hydroborate 

(TpPy) was the first example of a podand-type ligand of the tris(pyrazolyl)borate family, 

prepared by attachment of additional coordinating groups (here, 2-pyridyl 

substituents).[117-127] Each arm of the ligand is thus an N,N-bidentate chelate. Efficient 

energy transfer from the ligand-based excited state to the lanthanide-based excited 

state has been proven, for example, for [Ln(TpPy)(NO3)2], Ln = Eu and Tb (5) (Scheme 

1.4).[117] Although the main interest was in the structures of poly(pyrazolyl)borate ligands 

and the photophysics of their Eu3+ and Tb3+ complexes, NIR emitters such as Yb3+ and 

Nd3+ showed relatively strong luminescence, which could be a consequence of the lack 

of close oscillators suitable for quenching.[125, 128] Another example of a good NIR emitter 

would be [Nd(DpPy)2(NO3)] (6), (DpPy = dihydrobis-[3-(2-pyridyl)pyrazolyl]borate), whose 

coordination environment is shown in Scheme 1.4.[128] Good sensitization was observed 

along the lanthanide complexes with 3-(2-pyridyl)pyrazolyl arms.[117] 3-pyridyl and 4-

pyridyl substituents at the C3-position of the pyrazolyl group of bis-, tris-, and 

tetrakis(pyrazolyl)borate were reported with non-lanthanide metals in which the 

externally-directed 3- or 4-pyridyl groups cannot chelate to the central metal ion but 

instead are ‘exodentate’ and capable of binding additional metal centers.[129-130] 

Among other N-donor-based pyridylpyrazole ligands, the ligand 2,6-bis(1H-

pyrazol-3-yl)pyridine (L1) (Scheme1.4) plays an effective role in promoting lanthanide 

emission. The first example was published in 1997 and presented the synthesis and 

lifetime measurements of the trivalent terbium complex [Tb(L)3][PF6]3.[122] 
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Scheme 1.4. Selected examples of functionalized 3-(2-pyridyl)pyrazole used in the coordination 

chemistry of trivalent rare earth elements. 

This ligand was used again in 2012 to study the importance of coordination number and 

type in sensitizing the emission of Eu3+. They have synthesized complexes with different 

metal/ligand ratios (1:1, 1:2, and 1:3) for Gd3+ and Eu3+. The crystal structures of the 

europium complexes were determined and the photophysical properties were studied 

in solution and in the solid state at room and liquid-nitrogen temperatures. The antenna 

effect is most effective for Eu1:L3.[131] The complex 

[Dy4(L1)3(CO3)6(H2O)3]DMSOꞏ18H2O with a metal-CO3
2‒ core obtained by fixation of 

atmospheric CO2 was also synthesized. This complex shows slow magnetization 

reversal.[132] 3-(2-pyridyl)-1-pyrazolyl acetic acid (HL2) (Scheme 1.5) has been used to 

construct a large structural variety ranging from 1D to 2D network frameworks due to 

the combination between the nitrogen atoms of the pyridyl and pyrazolyl rings and the 

oxygen atoms of the carboxylate group. [Eu2(bta)4(L2)2], bta = 1-benzoyl-3,3,3-

trifluoroacetonate, was the first Ln3+-based complex with HL2 ligand. The 

photoluminescence data of the Eu3+-based complex were consistent with the single-

crystal X-ray structure, which revealed that both Eu3+ ions are in similar environments 

defined by the coordination sphere of seven oxygen atoms and two nitrogen atoms.[133] 

Later, [Sm2(L2)2(H2O)10]Cl4ꞏH2O and 1
∞[Eu(L2)(C2O4)] were obtained by hydrothermal 



 

15 

reactions with the corresponding LnCl3ꞏ6H2O. The luminescence properties of both 

products were investigated in the solid state at room temperature (RT) showing the 

ligand-centered fluorescence and the characteristic peaks of Eu3+.[134] 

The pyridylpyrazolyl-based complexes and coordination polymers with different 

coordination geometries around metal centers have shown intriguing magnetic 

properties,[135] which are mainly attributed to different coordination environments around 

metal centers. This was achieved through the combined influence of the asymmetric 

nature, semi-rigid backbone, and ability of the ligand to fulfill variable coordination 

modes, allowing the ligand to fine-tune its conformations by bending, stretching, or 

twisting the rings, depending on the coordination requirements.[136] Examples of these 

ligands would include one or two hard O-donors and three to five soft N-coordinating 

sites such as 4-(3-(pyridin-2-yl)-1H-pyrazol-5-yl)benzoic acid (L3), 3-(pyridin-2-yl)-N’-

((pyridin- 2-yl) methylene)-1H-pyrazole-5-carbohydrazide (L4), and N′-(2-

hydroxybenzylidene)-3-(pyridin-2-yl)-1H-pyrazole-5-carbohydrazideand (L5) (Scheme 

1.5).[136-138] The resulting compounds exhibited some intriguing magnetic behavior with 

Ln-metal cores such as Dy3+ and Er3+ because of their doubly degenerate ±mJ levels, 

one of the requisites to observe a slow relaxation of the magnetization.[139-141]  

 

Scheme 1.5. Examples of pyridylpyrazolyl-based ligands used in the coordination chemistry of trivalent 

Ln elements. 

In contrast to the 2-pyridyl substituent at the C3-position of the pyrazolyl group (2-

PyPzH), the 3-pyridyl and 4-pyridyl substituents (3-PyPzH and 4-PyPzH, respectively) 

and their derivatives had no lanthanide-containing compounds in the literature. 3-PyPzH 
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and 4-PyPzH were used to obtain Cu+ and Ag+ complexes that exhibit high-lying 

intersystem crossing that results in highly efficient phosphorescence.[142] The strong 

luminescence comes from ligand-centered T1 states and the corresponding excimers. 

The design of pyridylpyrazole ligands was inspired by the highly emissive (QY up to 

∼81 %) planar mononuclear Pt2+ complexes with pyridyl/pyrizinyl pyrazole ligands, 

which also form excimers assisted by intermolecular metal−metal interactions in the 

solid-state packing.[143]   
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2. Research goals 

The focus of the PhD project is to obtain fundamental knowledge on the options 

for combining magnetism and luminescence and study the possible interactions 

between the two properties. In order to achieve this main goal, it is essential to first 

synthesize multifunctional molecular materials based on complexes and coordination 

polymers of 4f-metal ions. The N-donor ligands 3-(2-pyridyl)pyrazole (2-PyPzH), 3-(3-

pyridyl)pyrazole (3-PyPzH), and 3-(4-pyridyl)pyrazole (4-PyPzH) were chosen as 

starting materials for this project as they showed high-lying intersystem crossing 

resulting in highly efficient phosphorescence for their reactions with transition metals 

besides their chelating ability to the metal centers, as discussed in Chapter 1, which fits 

perfectly with the goals of the project. Another reason is the few reported coordination 

compounds and complexes of trivalent lanthanides with 2-PyPzH, whereas the 

photoluminescence properties of products are almost unexplored, and no lanthanide 

(Ln)-containing compounds with 3-PyPzH and 4-PyPzH have been known so far. 

The first goal was the synthesis of new molecular materials using solid-state 

reaction routes, including melt synthesis and solvothermal reactions under inert 

conditions, to enhance the formation of a complete nitrogen coordination sphere as well 

as the formation of coordination polymers. The characterization of pyridylpyrazole 

reactivity with the elemental lanthanide series except promethium was the first step in 

the way to obtain new molecular materials. This step was successfully achieved as the 

selected ligands were shown to be able to react in a redox reaction with elemental 

lanthanides, yielding hydrogen. In addition, the synthesis probability of the reduced 

redox-sensitive divalent lanthanide ions, such as divalent europium, has been in focus 

as it can impart interesting photophysical and magnetic properties distinct from the 

trivalent ions, as discussed in Chapter 1.  

Not forgetting that our main goal is to combine both magnetism and luminescence, 

the need to increase the distance between the Ln3+ ions is a requirement to achieve 

better magnetic results. Elemental alkaline earth (AE) was placed in a reaction with 

lanthanide metal to target the synthesis of bimetallic Ln/AE compounds. Although the 

coordination polymers and complexes based on a combination of lanthanides and 

alkaline earth metals (Ln/AE) still pose a synthetic challenge.  

In a further extension of the study, Cl‒ ligands have been added to the synthesis 

procedure using trivalent lanthanide chlorides to explore the influence of the heteroleptic 

environment on both the photoluminescence and the magnetic properties. 
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The second goal was to explore and compare the photophysical reactivity between 

the trivalent lanthanides and the ligands under study. In order to provide a better 

understanding of the photophysical properties observed for the Ln series, the absorption 

spectra were measured in addition to the emission and excitation spectra. The study 

revealed that pyridylpyrazole/ates are good sensitizers for Ln3+, which is confirmed by 

an efficient antenna effect not only for the visible emitters but also for the near infrared 

(NIR) emitters. The resulted uncommon emission bands from the NIR-based 

coordination polymers (CPs) is attracting much interest in the application of optical 

amplification and biomedical applications. 

A unique Ce3+-based emission was detected during the characterization of the 

photophysical properties that differed from the expected blue/green Ce3 emission. An 

exception of pink through orange to bright red emission from undoped Ce3+-based 

compounds was successfully achieved along five coordination polymers and complexes 

based on the three ligands; such a strong energetic reduction of the 5d excited states 

of Ce3+ was attractive. These unique Ce3+-based phosphors can contribute to the 

understanding of the d-orbital splitting mechanism and its emission capability and offer 

a new perspective for solid-state lighting applications. 

Tuning the luminescence chromaticity towards white light emission was achieved 

by co-doping the Gd-containing frameworks with Eu3+ and Tb3+ during the study. 

Therefore, the generation of white light by mixing different monochromatic light sources 

has been taken into focus as an attractive feature of light-emitting materials. The 

possibility of tuning the luminescence chromaticity by co-doping other homoleptic 

frameworks was also explored and verified for codoping the Tb-, Eu-, and Ce-containing 

frameworks with the respective counterions.  

The third goal was to characterize the magnetic properties of Dy3+-, Ho3+-, and 

Er3+-based homo- and heteroleptic coordination polymers in an attempt to understand 

the influence of magnetism on luminescence and vice versa. Direct current (DC) 

magnetic susceptibility measurements revealed mainly the magnetic isolation of the 

lanthanide centers, which limited the study of the interaction between the luminescence 

and magnetism properties. Along the PhD project, topological analysis to ensure a 

better understanding of the crystal structure and thermal analysis to investigate the 

thermal behavior and the stability of the synthesized CPs and complexes were in focus.  
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3. Results 

3.1. Homoleptic and heteroleptic coordination polymers of trivalent 
lanthanides with 2-, 3-, and 4-pyridylpyrazolates as well as 
heterobimetallic lanthanide/alkaline earth complexes 

3.1.1. Variable luminescence and chromaticity of homoleptic frameworks 
of the lanthanides together with pyridylpyrazolates 
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3.1.2. Divalent europium, NIR and variable emission of trivalent Tm, Ho, Pr, 
Er, Nd, and Ce in 3D-frameworks and 2D-networks of Ln-
pyridylpyrazolates 

 

This article has been published in the 
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3.1.3. Red emitting cerium(III) and versatile luminescence chromaticity of 
1D-coordination polymers and heterobimetallic Ln/AE 
pyridylpyrazolate complexes 
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3.2.  Heteroleptic lanthanide coordination polymers and complexes of 
anhydrous trivalent lanthanide chlorides with 2- and 3-pyridylpyrazoles 

3.2.1. 3D-Frameworks and 2D-networks of lanthanide coordination 
polymers with 3-pyridylpyrazole: photophysical and magnetic 
properties 
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3.2.2. 3-(2-Pyridyl)pyrazole based luminescent 1D-coordination polymers 
and polymorphic complexes of various lanthanide chlorides including 
orange-emitting cerium(III) 
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4. Results overview and summary 

In attempts to achieve molecular magnetism, about eighty 3D-, 2D-, and 1D-

coordination polymers (CPs) and complexes were synthesized from elemental 

lanthanides or anhydrous trivalent lanthanide chlorides together with one of three main 

ligands: 3-(2-pyridyl)pyrazole (2-PyPzH), 3-(3-pyridyl)pyrazole (3-PyPzH), and 3-(4-

pyridyl)pyrazole (4-PyPzH). In counting, three heterobimetallic lanthanide/alkaline earth 

(Ln/AE) and two monometallic AE2+-based complexes were synthesized. The crystal 

structures were mostly determined by single-crystal X-ray diffraction (SCXRD), while 

powder X-ray diffraction (PXRD) and subsequent Pawley refinements were utilized to 

characterize some structures, which confirmed being isotypic with the structures from 

SCXRD. All bulk products were characterized by PXRD. Topological analysis for the 

prepared 3D-frameworks and 2D-networks was performed to ensure a better 

understanding of the crystal structures. Simultaneous differential thermal analysis 

(DTA) and thermogravimetry (TG) combined with mass spectrometry were carried out 

to investigate the thermal behavior of the prepared compounds. A comparison of the 

spectroscopic properties of the studied coordination polymers and complexes through 

the three types of spectra—absorption, excitation, and emission—allows for a better 

understanding of the photophysical properties observed for the Ln series. In addition, 

lifetime determinations at RT and 77 K using overall process decay times and quantum 

yield (QY) determinations were performed for compounds with suitable emission 

intensities. Direct current (DC) magnetic susceptibility measurements were performed 

for selected Dy3+-, Er3+-, and Ho3+-based CPs.  

The distinct position of the pyridyl nitrogen atom in 2-PyPzH, 3-PyPzH, and 4-PyPzH 

(Scheme 4.1) resulted in three different homoleptic series of 1D and 3D coordination 

polymers upon anhydrous solvothermal reaction with elemental lanthanides in pyridine 

(Py), or additionally as a solvent-free synthesis, to obtain the 1D-CPs series. The 

isotypic series 3
∞[Ln(3-PyPz)3], Ln = Ce−Nd, Sm−Tm crystallize in the cubic crystal 

system with the space group Pa 3̄, while the two isotypic series 1
∞[Ln(2-PyPz)3], Ln = 

La−Nd, Sm−Ho and 3∞[Ln(4-PyPz)3], Ln = La−Nd, Sm−Tm, crystallize in the monoclinic 

crystal system with the space groups P21 and P21/n, respectively. In the three series, 

the Ln3+ ion coordinates to nine nitrogen atoms from three ligands, resulting in the 

identical general chemical formula of C24H18N9Ln. The two nitrogen atoms of the 

pyrazolate ring act as a bridge between two neighboring trivalent lanthanide ions, 

forming 1D-CPs while coordinating to the same Ln3+ ion, with the ligand itself acting as 
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a bridge between two adjacent Ln3+ ions forming the two series of homoleptic 3D-CPs. 

It is notable that there is a lake in the Tm3+-nitrogen-based complexes and coordination 

polymers in the literature, especially for the nine-coordinated Tm3+, where only three 

examples were reported.[144-146] The topological presentation of the two isotypic series 

3
∞[Ln(3-PyPz)3], Ln = La–Nd, Sm–Tm and 3

∞[Ln(4-PyPz)3], Ln = La–Nd, Sm–Tm, pass 

pcu topology with a Schläfli symbol of 412.63 when assuming that the lanthanide centers 

act as nodes with threefold connectivity. The synthesized compounds of the three-

homoleptic series show good thermal stability from 360 to 400 °C. 

 

Scheme 4.1. Synthetic scheme for Ln3+-based coordination polymers, comparing the different products 

from 1D to 3D coordination polymers. 

Heteroleptic divalent europium 2
∞[Eu(4-PyPz)2(Py)2] (Scheme 4.2) as an example 

of other Ln oxidation states and additional 2D-networks with Ce3+ and Tm3+ of the 

formula 2∞[Ln(4-PyPz)3(Py)] were synthesized when the pyridine (Py), which was utilized 

as a solvent in the solvothermal reaction, served as a co-ligand. In addition, 2
∞[Ln2(4-

PyPz)6]ꞏPy with Yb3+ and Lu3+, including two lanthanide sites, were synthesized when 

different temperatures and molar ratios of the redox reactions were applied. All 

crystallize in the monoclinic crystal system with different space groups P21, Cc, and 

P21/n, respectively. The coordination number of nine continues for Ce3+, Tm3+, and one 

site in Yb3+ and Lu3+ 2D-networks, while the coordination number of eight appears for 

Eu2+ and the other site in Yb3+ and Lu3+ networks. The Tm3+-based CPs 2
∞[Tm(4-

PyPz)3(Py)], 3∞[Tm(4-PyPz)3], and 3∞[Tm(3-PyPz)3] have a nitrogen coordination number 
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of nine, which is unusual in the lanthanide chemistry, as stated before.[144-146] The 

detected topology for the 2D-networks 2∞[Eu(4-PyPz)2(Py)2] and 2∞[Ln(4-PyPz)3(Py)], Ln 

= Ce3+, Tm3+ is sql topology with the Schläfli symbol 44·62 which differs from the 

previously stated pcu topology of the 3D-frameworks.  

 

Scheme 4.2. Synthetic scheme showing the Ln-based 2D-networks based on the 4-PyPzH ligand. 

Three heterobimetallic complexes [Tb2AE(2-PyPz)8], AE = Ca, Sr, Ba, were obtained by 

anhydrous solvothermal reactions of 2-PyPzH with a mixture of elemental Tb and the 

corresponding AE (Scheme 4.3), while two mononuclear complexes [AE(2-PyPz)2(2-

PyPzH)2], AE = Ca, Sr, resulted from the reaction with elemental alkaline earth metals. 

All complexes crystallize in the monoclinic crystal system, [Tb2AE(2-PyPz)8], AE = Sr, 

Ba and [Sr(2-PyPz)2(2-PyPzH)2] in P21/n and [Ca(2-PyPz)2(2-PyPzH)2] in C2/c, except 

for [Tb2Ca(2-PyPz)8], which crystallizes in the triclinic crystal system with space group 

P 1̄. The Ln3+ ions show a change in coordination number from nine in the 1D-CPs series 

to eight in the heterobimetallic products, and the AE2+ ions go from six to eight upon the 

change between monometallic and bimetallic products. For [Tb2AE(2-PyPz)8], the 
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higher tendency of Ln3+ to form high coordination numbers drives Tb3+ to allocate a 

position, in which it can coordinate with two nitrogen atoms of both the pyridyl ring and 

the pyrazolate ring of each tridentate ligand, so that each rare earth ion binds to three 

chelating bridging ligands and a terminal pyridylpyrazolate anion. These ligands bridge 

through the pyrazolate ring to the central hexacoordinated alkaline earth atom. For 

[AE(2-PyPz)2(2-PyPzH)2], each ligand acts as a bidentate chelating Lewis base and the 

electroneutrality is settled by two protons bridging two pyrazolate moieties with two 

neutral ligands. The larger ionic radius of eight-coordinate AE2+ in the monometallic 

complexes leads to a general elongation of the Ca‒N(pz) distance, with N(pz) being the 

pyrazolate nitrogen atom, compared to the heterobimetallic complexes, in which AE2+ 

is six-coordinate. The change in the ionic radius of AE2+ increases the AE‒N distances 

from Ca2+ to Sr2+. The DTA/TG investigation for [Tb2Ca(2-PyPz)3] exhibits thermal 

stability up to 400 °C. 

 

Scheme 4.3. Synthetic scheme for reactions with 2-PyPzH to obtain bimetallic complexes (top) and 

alkaline earth-based complexes and their schematic structure. 
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All bulk products of the previously mentioned Ln containing 3D-frameworks, 2D-

networks, 1D-zigzag CPs, and complexes were examined for their photoluminescence 

properties through the three types of spectra: absorption, excitation, and emission. 

An exception was detected for undoped Ce3+ phosphor materials that show 5d‒4f 

transitions with Ce3+-centered light emission in the red region that can already be seen 

with the naked eye under the UV lamp. The Ce3+ pink-to-red emitters are an exception 

among other Ce3+-based emitters. Most reported Ce3+ compounds are non-emissive 

due to luminescence quenching by linkers and solvent molecules.[16] The emissive Ce3+ 

examples in the literature are mainly near ultraviolet (UV) and blue-green emitters.[17-18] 

The emission spectra of 2
∞[Ce(4-PyPz)3(Py)] (4-2

∞Ce), 3
∞[Ce(4-PyPz)3] (4-Ce), 3

∞[Ce(3-

PyPz)3] (3-Ce), and 1
∞[Ce(2-PyPz)3] (2-1

∞Ce) show broad bands centered at 650, 650, 

641, and 620 nm, respectively, at RT, indicating large crystal field splitting and a large 

redshift for the emission wavelength. The intensity of the ligand-based emission 

decreases in the aforementioned order, causing the emission color to shift from pink 

through orange pink to red, as shown in the CIE 1931 chromaticity coordinate diagram 

(Figure 4.1). Both the absorption spectra and the excitation spectra show shoulders at 

higher wavelengths, which correlate with the lowest energy levels of the crystal field 

splitting bands of the 5d excited state of the Ce3+ ions. A short lifetime (τ), on the scale 

of a few ns, is measured due to the parity-allowed nature of the 5d‒4f transition. 

 

Figure 4.1. Chromaticity coordinate diagram (CIE 1931) of the emission colors of 2
∞[Ce(4-PyPz)3(Py)] 

(4-2
∞Ce), 3∞[Ce(4-PyPz)3] (4-Ce), 3∞[Ce(3-PyPz)3] (3-Ce), and 3∞[Ce(2-PyPz)3] (2-1

∞Ce). 
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Recently, the generation of white light by mixing different monochromatic light 

sources has become an attractive feature of light-emitting materials.[32] One of the 

explored strategies to obtain white light is by combining red, green, and blue (RGB) 

sources to cover the visible region (400–700 nm) in the electromagnetic spectrum.[147] 

Therefore, the co-doping of the Gd-containing coordination polymers 1
∞[Gd(2-PyPz)3], 

3
∞[Gd(3-PyPz)3], and 3

∞[Gd(4-PyPz)3] with Tb3+ (green emitter) and Eu3+ (red emitter) is 

established and used for chromaticity tuning. Mixing of the three emission colors results 

in a shift towards yellow, orange, and even towards the white point. The nearest point 

to the white light (for pure white x = 0.33, y = 0.33) was achieved by co-doping 3∞[Gd(3-

PyPz)3]:Eu3+,Tb3+ with 0.5 % Eu3+ to generate color coordinates of x = 0.30 and y = 0.37 

at 77 K. This point is closer to the white light than others reported in the literature.[148] 

The possibility of tuning the luminescence chromaticity by co-doping of other homoleptic 

coordination polymers 1
∞[Ln(2-PyPz)3], 3

∞[Ln(3-PyPz)3], and 3
∞[Ln(4-PyPz)3] was also 

confirmed for the co-doping of the Tb- and Eu-containing frameworks with the respective 

counterions, where a downshift metal-to-metal energy transfer (MMET) from excited 4f 

states of Tb3+ to Eu3+
 was observed. Altogether, this shows the high potential of the 

three series for co-doping to produce white light emission. 

The CPs under study, with the exception of La3+-, Ce3+-, Eu2+-, Gd3+-, and Lu3+-

based coordination polymers, show photoluminescence with intra-4f emission of the 

Ln3+ ions activated by antenna effects of the pyridylpyrazolate ligands. A first indication 

for the excellent antenna effect is the complete disappearance of the ligand-based 

fluorescence band after coordination with Tb3+, Eu3+, Sm3+, and Dy3+. Good to high 

photoluminescence quantum yields (PLQY) of 23 % and 74 % are obtained for 3∞[Tb(4-

PyPz)3] and 3
∞[Tb(3-PyPz)3], making 4-PyPz‒ and 3-PyPz‒ perfect sensitizers for Tb3+ 

with relatively long lifetimes in the range of ms. The high PL quantum yields are likely 

facilitated by a good energy match between the donor (triplet ligand at ∼23250 cm‒1) 

and acceptor (5D4 at ∼20 500 cm‒1) states (ΔE ∼2500–3000 cm−1). By comparing the 

lifetime and the quantum yield measured for Tb3+ in 3∞[Tb(4-PyPz)3] (τ = 0.6273 ms, QY 

= 23 %) and 3
∞[Tb(3-PyPz)3] (τ = 1.0874 ms, QY = 74 %) with previously reported 

compounds such as [TL3](ClO4)3·H2O·2MeCN, (L = 2,6-bis(1-methyl-imidazol-2-

yl)pyridine), τ = 0.245 ms, QY = 17 %)[149] and [Tb(L1)3] (L1H = 2-(1H-Pyrazol-1-yl)-6-

(1H-tetrazol-5-yl)pyridine, τ = 1.23 ms, QY = 53 %)[150], the framework 3
∞[Tb(3-PyPz)3] 

reaches the high range of reported lifetimes and QYs among the related Tb3+-based 

compounds and 3
∞[Tb(4-PyPz)3] reaches a moderate range. While 2-PyPz‒ is a 
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moderate sensitizer for both Tb3+ and Eu3+ ions in 1
∞[Ln(2-PyPz)3] with a relatively 

shorter lifetime for Tb3+ (0.28 ms) but a longer lifetime for Eu3+ (0.87 ms) compared to 

3
∞[Ln(3-PyPz)3] and 3

∞[Ln(4-PyPz)3], both have a PLQY limited to 6 %. The internal 

quantum yield (IQY) of the Eu3+-centered emission was calculated using Wert’s formula 

with a refractive index of 1.5.[37-38] The equation gives a moderate-high IQY of 37.2 %, 

which is in the middle of 3
∞[Eu(3-PyPz)3] and 3

∞[Eu(4-PyPz)3] 48 % and 33 %, 

respectively. The Sm3+ and Dy3+ show longer decay times with 3-PyPz‒ and 4-PyPz‒ as 

sensitizers than for 2-PyPz‒, which could be related to the reduction of a back energy 

transfer. The PL of the studied CPs decays monoexponentially, thus indicating the 

presence of a single emissive species.  

The emission spectra of [Tb2AE(2-PyPz)8] display rather sharp lines, which can be 

identified with f‒f transitions regarding Tb3+. The ligand emission is also observable at 

RT for the bimetallic complexes, exhibiting a hypsochromic shift caused by a decrease 

in the π-electron density of the pyridylpyrazolate anions by the double linkage to two 

metal ions.  

Although the excitation and emission spectra can provide a wealth of information, 

particularly about the coordination environment of the Ln3+ ions; it is uncommon to find 

the luminescence spectra for the Tm3+-, Ho3+-, and Pr3+-based compounds. As 

mentioned, the nine-coordinated Tm3+ was only reported in three examples, and none 

of them investigated the photophysical properties, they mainly focused on the structural 

aspects.[144-146] In many other cases, poor ligand-to-metal sensitization or back energy 

transfer occurs to produce the ligand luminescence[151-153] where a significant ligand 

emission dominates the spectrum beside a single spectral band for the Tm3+. Even non-

efficient ligand-sensitization with only a ligand emission band in the emission spectra 

were shown.[154] In contrast, very good ligand-to-metal sensitization is observed for 

3
∞[Tm(4-PyPz)3] where the transitions 1G4→3H6, 3F4, 3H5, and 3H4 are readily observable. 

For 1∞[Ln(2-PyPz)3], 3∞[Ln(3-PyPz)3], and 3∞[Ln(4-PyPz)3], Ln = Ho and Pr the transitions 

in both visible (VIS) and near-infrared (NIR) regions are well observable indicating more 

efficient ligand sensitization than in many reported cases.[93, 154] NIR characteristic 

emission bands are also observable for Nd3+, Sm3+, Dy3+, and Er3+-based coordination 

polymers. For Nd3+-based CPs, the emission at 1065 nm is the strongest, which is 

possibly useful for laser applications.[155-160] Nd3+- and Er3+-based materials attract much 

interest in the application of optical amplification because their emission bands, around 

1.3 μm for Nd3+ and 1.5 μm for Er3+, are in the desired region for the telecommunication 
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window.[156-157] In order to obtain a wide gain bandwidth for optical amplification, a broad 

emission band is desirable.[161] The full width at half maximum (FWHM) of the transition 

4I13/2→4I15/2 of the Er3+-based CPs, as an example, is 90 and 95 nm for 3
∞[Er(4-PyPz)3] 

and 3
∞[Er(3-PyPz)3], which may endow a wide gain bandwidth for optical 

amplification.[155, 162] Among the three emissions of Ho3+-based CPs, the intensity of the 

emission band at 983 nm for 3
∞[Ho(4-PyPz)3] is the strongest, which is probably useful 

in biomedical applications.[155] 

Detectable and distinguishable Laporte forbidden 4f−4f absorption transitions are 

also revealed in the UV-VIS-NIR spectrophotometry beside the ligand-centered 

transitions. The measured solid-state absorption spectra in a range of 200‒1300 nm 

have enriched the literature, as the reported absorption spectra localized on the ligand 

moieties of the Ln3+-based compounds were mostly investigated in solution,[163-165] while 

fewer examples are reported for the solid-state.[166-167] In addition, when examining Ln3+-

based absorption bands, the wavelength range is typically found to be limited in the 

literature, e.g., it does not exceed 1000 nm for Ho3+ in [Ho(L)(NO3)2](PF6)٠H2O, (L = 

N1,N2-Bis([2,2′-bipyridine]-6-ylmethylene)-1,2-ethanediamine),[168] 800 nm for Er3+ and 

Dy3+, and up to 650 nm for Sm3+ in 2
∞[Ln(tfBDC)(NO3)(DMF)2]·DMF, (Ln = Er3+, Dy3+, 

and Sm3+, H2tfBDC = 2,3,5,6-tetrafluoroterephthalic acid).[169] Furthermore, the 

detection of a broad shoulder in the absorption spectra of 2∞[Eu(4-PyPz)2(Py)2], which is 

associated with a metal-to-ligand charge transfer (MLCT) transition from the Eu2+ 4f 

orbitals to the π* orbitals of the coordinated ligands, besides the shoulders detected in 

the absorption spectra of Ce3+-based CPs which correlate with the lowest energy levels 

of the crystal field splitting bands of the 5d excited state of the Ce3+ ions, as stated 

before. 

Altogether, this shows the high potential of the three series of coordination 

polymers together with pyridylpyrazolate ligands as N-donors for versatile 

photoluminescence properties.  

A large structural diversity through fifteen 3D- and 2D- networks and complexes 

besides a series of eighteen lanthanide-containing 1D-coordination polymers, dinuclear 

polymorphic complexes, and mononuclear complexes were detected from anhydrous 

solvothermal reactions of trivalent lanthanide chlorides together with 3-PyPzH and 2-

PyPzH, respectively in either acetonitrile (MeCN), toluene (Tol) or chlorobenzene 

(PhCl). A comparison between the different products of the two isomers is shown in 

Scheme 4.4. 3
∞[Ln(3-PyPzH)Cl3], Ln = Eu, Gd, 2

∞[Sm(3-PyPzH)Cl3], [Ce(2-PyPzH)3Cl3], 
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and [PyH][Tb(2-PyPzH)2Cl4] crystallize in the orthorhombic crystal system with the 

space group Pcca, Pbcm, Pbca, and Pbcn, respectively. 
2
∞[Ln2(3-PyPzH)3Cl6]ꞏ2solv, Ln 

= Eu3+, Tb3+, Dy3+, Ho3+, Er3+, solv = Tol and MeCN, [(3-PyPzH2)][Ln(3-PyPzH)2Cl4], Ln 

= Eu, Tb, Dy, Ho, and [Gd2(2-PyPzH)3(2-PyPz)Cl5] crystallize in the monoclinic crystal 

system with the space group P21/n while 2
∞[Ln(3-PyPzH2)Cl4], Ln = La, Nd crystallize 

with the C2/c space group. Additional products with 2-PyPzH crystallize in the 

monoclinic crystal system, but with the space group C2/c in 1∞[Ln2(2-PyPzH)4Cl6], Ln = 

La, Nd, Sm and with the space group P21/c in α-[Ln2(2-PyPzH)4Cl6], Ln = Sm, Eu, Gd, 

Tb and [Ln(2-PyPzH)2Cl3], Ln = Tb, Dy, Ho, Er. The triclinic crystal system is only shown 

for the 2-PyPzH-based series in β-[Ln2(2-PyPzH)4Cl6], Ln = Sm, Eu, Gd and [Gd3(2-

PyPzH)8Cl8]Cl, which crystallize in the space group P 1̄. It is notable that two polymorphs 

are found for each Sm3+, Eu3+, and Gd3+, where the α-phase crystallizes at lower 

temperatures in higher symmetry. 

As the ionic radius of the trivalent rare earth element decreases, the coordination 

number decreases through the 3-PyPzH-based series from eight for lanthanum, 

neodymium, and samarium to seven for europium through erbium to six for the salt-like 

complexes of europium, and terbium through holmium. For 2
∞[Sm(3-PyPzH)Cl3], the 

Sm3+ coordination sphere consists of two nitrogen atoms from two different 3-PyPzH 

ligands and six Cl‒ ligands. The 3-PyPzH molecule acts as a bridge between two 

adjacent Sm3+ ions to form a 1D zigzag building unit, while a secondary building unit 

(SBU) is formed by a 1D inorganic zigzag, in which three chloride ions act as a bridge 

between two adjacent Sm3+ ions to form a two-dimensional network with a sql topology 

and the Schläfli symbol 44.62. For the anionic CPs 2
∞[Ln(3-PyPzH2)Cl4], Ln = La, Nd, 

each Ln3+ ion is coordinated by a protonated ligand (3-PyPzH2)+ and seven chlorine 

atoms, six of which act as a bridge between two neighboring trivalent lanthanide ions, 

forming a 2D-CP with a hcb honeycomb topology and the Schläfli symbol 63. For 3∞[Ln(3-

PyPzH)Cl3], Ln = Eu and Gd, each Ln3+ ion is hepta-coordinated to five chloride anions, 

one of which is terminal, and two N atoms from two ligands. The neighboring Ln3+ ions 

are linked by a chlorine bridge, forming a 1D inorganic wavelike [Ln(Cl)2]n chain as a 

building unit. The 1D infinite chains are interconnected by pyridylpyrazole bridges, 

creating a 3D coordination polymer with a sra topology and the Schläfli symbol 42.63.8. 

For 2
∞[Tb2(3-PyPzH)3Cl6]ꞏ2Tol and 2

∞[Ln2(3-PyPzH)3Cl6]ꞏ2MeCN, Ln = Eu3+, Tb3+, Dy3+, 

Ho3+, and Er3+, each Ln ion is hepta-coordinated by three nitrogen atoms from three 

ligand molecules and four chloride ions.  
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Scheme 4.4. Summarized synthetic scheme for LnCl3-based coordination polymers, comparing the 

different products from complexes and salt like complexes through 1D and 2D to 3D coordination 

polymers. 
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All three neutral ligand molecules and the two equatorial chloride ions act as a bridge 

between two neighboring trivalent lanthanide ions, forming a 2D net that adopts the sql 

topology and the Schlafli symbol 44.62. For the anionic complexes [(3-PyPzH2)][Ln(3-

PyPzH)2Cl4], Ln = Eu, Tb, Dy, Ho, the Ln ion coordinates four terminal chloride ions and 

two nitrogen atoms of two neutral ligands. In addition, a protonated ligand (3-PyPzH2)+ 

is intercalated and non-coordinated in the structure, compensating for the negative 

charge of the [Ln(3-PyPzH)2Cl4]. 

For the 2-PyPzH-based series, the CN decreases as well, from eight for 

lanthanum, neodymium, samarium, gadolinium, and terbium to seven in the monomeric 

complexes of terbium, dysprosium, holmium, and erbium. An exception is [Ce(2-

PyPzH)3Cl3] with a CN of nine. For 1
∞[Ln2(2-PyPzH)4Cl6], Ln = La, Nd, Sm, α-[Ln2(2-

PyPzH)4Cl6], Ln = Sm, Eu, Gd, Tb, and β-[Ln2(2-PyPzH)4Cl6], Ln = Sm, Eu, Gd, each 

Ln3+ ion coordinates to four Cl− ligands and four nitrogen atoms. In 1∞[Ln2(2-PyPzH)4Cl6], 

a chlorine atom acts as a bridge between two adjacent Ln3+ ions to form a 1D-

coordination polymer, while two chlorine atoms bridge the two Ln3+ ions in the dimeric 

complexes α-[Ln2(2-PyPzH)4Cl6] and β-[Ln2(2-PyPzH)4Cl6]. For the monomer 

complexes, the Ce3+ in [Ce(2-PyPzH)3Cl3] is coordinated by three chlorides and six 

nitrogen atoms of three 2-PyPzH ligands, while the Ln3+ in [Ln(2-PyPzH)2Cl3], Ln = Tb, 

Dy, Ho, Er, is coordinated by three chloride ions and four nitrogen atoms of two ligands. 

The differences in the orientation and position of the atoms between the polymorphs α-

[Ln2(2-PyPzH)4Cl6] and β-[Ln2(2-PyPzH)4Cl6] are minor when the two structures are 

overlaid. The α phase (higher crystallographic symmetry) is about 1.2 % more densely 

packed than the β phase, resulting in a slightly shorter metal–metal distance (443.3(1) 

in α-[Eu2(2-PyPzH)4Cl6] and 447.6(1) pm in β-[Ln2(2-PyPzH)4Cl6]). Overall, the case of 

lanthanide chloride-based CPs and complexes shows lower coordination numbers 

compared to the elemental lanthanide-based CPs. 

The 2∞[Ho2(3-PyPzH)3Cl6]ꞏ2MeCN shows the highest stability among the 3-PyPzH-

based series up to 365 °C, while both the 1
∞[Sm2(2-PyPzH)4Cl6] and the [Tb(2-

PyPzH)2Cl3] show less stability up to 250 °C. It is observable that the thermal product 

stabilities of the pyridylpyrazolate-based frameworks, networks, and complexes are 

higher than those of pyridylpyrazole-based compounds due to the strong bonds of the 

pyrazolate anions to the metal cations. 

The unique photoluminescence properties with Ce3+-centered light emission in the 

orange range of the visible spectrum continue also with the heteroleptic complex [Ce(2-
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PyPzH)3Cl3], which can already be distinguished by the eye under the UV lamp. 

Determinations via photoluminescence spectroscopy revealed a broadband emission 

starting at 460 nm with a center at around 600 nm, indicating large crystal field splitting 

and a bathochromic shift for the emission wavelength generating a yellow-orange 

emission color as shown in the chromaticity coordinate diagram (CIE 1931) (Figure 4.2). 

The excitation spectrum exhibits a shoulder at 370 nm, corresponding to the lowest 

energy levels of the crystal field splitting bands of the 5d excited state of the Ce3+ ion, 

which coincides with the shoulder in the absorption spectra. The lifetime for the orange-

phosphor (2.83(3) ns) is slightly longer than for the red-phosphor 1
∞[Ce(2-PyPz)3] 

(2.03(4) ns) and shorter than the pink and orange phosphors 2
∞[Ce(4-PyPz)3(Py)] 

(1.08(2) ns), 3∞[Ce(4-PyPz)3] (1.16(2) ns), and 3∞[Ce(3-PyPz)3] (1.26(2) ns).  

 

Figure 4.2. Chromaticity coordinate diagram (CIE 1931) of the emission colors of [Ce(2-PyPzH)3Cl3] (2-

Ce). 

For the phase-pure CPs and complexes, the intra-4f emission of the respective 

Ln3+ is activated by an antenna effect of the ligand molecules of different effectivity, 

leading to Ln3+ sensitization with high PLQY from 73 % and 76 % to 92 % for the Tb3+ 

compounds 2
∞[Tb2(3-PyPzH)3Cl6]ꞏ2Tol, 2

∞[Tb2(3-PyPzH)3Cl6]ꞏ2MeCN, and [Tb(2-

PyPzH)2Cl3], respectively. A lower effectiveness of the antenna effect is detected for 

Eu3+ (8 % and 13 % for α-[Eu2(2-PyPzH)4Cl6] and β-[Eu2(2-PyPzH)4Cl6]) followed by the 

Dy3+ (2 % and 3 % for 2
∞[Dy2(3-PyPzH)3Cl6]·2MeCN and [Ln(2-PyPzH)2Cl3]) results in 
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longer lifetimes for the Tb3+ emissive state compared to Eu3+ and Dy3+. When the 

photophysical properties of the obtained products were compared to the previously 

mentioned homoleptic frameworks based on 2-PyPz‒ and 3-PyPz‒, relatively shorter 

lifetimes was detected for Sm3+-based products, 3
∞[Eu(3-PyPzH)Cl3], and 2

∞[Eu2(3-

PyPzH)3Cl6]ꞏ2MeCN compared to those for the 3
∞[Ln(3-PyPz)3] and 1

∞[Ln(2-PyPz)3], Ln 

= Sm, Eu which can be explained by the ligand coordination to the lanthanide metal 

centers in its neutral form, thus maintaining the high-energy N‒H bond vibration that 

could lead to a deactivation process without observation of emitted radiation. A further 

reason is the possible quenching effect of the Cl‒ ligands. This behavior changes for 

both Tb3+, Dy3+, α-[Eu2(2-PyPzH)4Cl6], and β-[Eu2(2-PyPzH)4Cl6], which have longer 

lifetimes than with the deprotonated ligands in 3
∞[Ln(3-PyPz)3], 1

∞[Ln(2-PyPz)3], Ln = 

Tb3+, Dy3+, Eu3+ which is attributed to increasing internal conversion processes for the 

latter. When comparing the lifetime and quantum yield of the Tb3+-containing 

compounds 2
∞[Tb2(3-PyPzH)3Cl6]ꞏ2Tol (τ = 2.039(9) ms, QY = 73 %), 2

∞[Tb2(3-

PyPzH)3Cl6]ꞏ2MeCN (τ = 2.294(9) ms, QY = 76 %), and [Tb(2-PyPzH)2Cl3] (τ = 1.230 

ms, QY = 92 %) with the highest reported lifetimes and quantum yield values in the 

literature, such as [Tb2Cl6(μ-4,4’-bipy)(py)6] (τ = 3.598 ms, bipy = 4,4´-bipyridine, QY=86 

%),[77] [Tb(bbpen)Cl] (bbpen2− = N,N′-bis(2-oxidobenzyl)-N,N′-bis(pyridine-2-ylmethyl)-

ethylenediamine, τ = 0.814 ms, QY = 90 %), and [Ln(bbppn)Cl] (bbppn2− = N,N′-bis(2-

oxidobenzyl)-N,N′-bis-(pyridine-2-ylmethyl)-1,2-propanediamine, τ = 0.969 ms, QY = 92 

%),[170] the complex [Tb(2-PyPzH)2Cl3] reaches the highest QYs reported among the 

related Tb3+-based compounds, and its lifetime lies in the long range. A broad shoulder 

in the VIS region of the absorption spectra is detected for 3
∞[Eu(3-PyPzH)Cl3] and 

attributed to the presence of a ligand-to-metal charge transfer (LMCT), which explains 

the higher intensity of the ligand emission in the emission spectra and the shorter 

lifetime observed compared to 2∞[Eu2(3-PyPzH)3Cl6]ꞏ2MeCN. 

NIR emission bands can be also observed for Nd3+-, Sm3+-, Dy3+-, Ho3+-, and Er3+-

based CPs and complexes. The Ho3+-based luminescence observed is weak, as it is 

effectively quenched by the high vibrational energy of the ligands and the electronic 

structure of Ho3+. The absorption spectroscopy shows ion-specific 4f‒4f transitions that 

can be assigned for Nd3+, Sm3+, Eu3+, Dy3+, Ho3+, and Er3+ in a wide range from UV-VIS 

to the NIR region. The full width at half maximum (FWHM) of the transition 4I13/2→4I15/2 

is 80 nm for [Er(2-PyPzH)2Cl3], which may endow a wide gain bandwidth for optical 

amplification.[155, 162] 
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With the exception of 2
∞[Ho2(3-PyPzH)3Cl6]ꞏ2MeCN, which showed weak 

ferromagnetic coupling between Ho‒Ho centers, direct current (DC) magnetic 

susceptibility measurements showed that Dy3+, Ho3+, and Er3+-based coordination 

polymers obey the Curie behavior without detecting interatomic interactions. Due to the 

magnetic isolation of the lanthanide centers in the crystal lattice of the studied CPs 

shown in Chapter 3 and Appendix A, the study of the interaction between the magnetic 

and photophysical properties was limited. 

In summary, solvent free-high temperature and anhydrous solvothermal reactions 

of three pyridylpyrazoles with lanthanides led to the synthesis of 76 CPs and complexes 

that differ in constitution and structural extension. Redox-based reactions of elemental 

lanthanides have produced three series of 35 homoleptic 3D-, 2D-, and 1D-coordination 

polymers besides divalent europium and two other heteroleptic 2D-networks. Three 

heterobimetallic lanthanide/alkaline earth complexes and two alkaline earth complexes 

were also synthesized by melt-based synthesis of elemental lanthanide and/or alkaline 

earth metals (AE). Solvothermal synthesis using different solvents with lanthanide 

chlorides has produced 33 heteroleptic 3D- and 2D-coordination polymers and 

complexes, along with salt-like complexes. The CPs were characterized by SC and 

PXRD, elemental analysis, topological analysis, IR and photoluminescence 

spectroscopy, DC magnetic measurements, and thermal analysis. Unique pink through 

orange to red emissions based on 5d–4f transitions were detected for Ce3+-based 

materials which offer a new perspective for solid-state lighting applications. The CPs 

show photoluminescence with intra-4f emission of the Ln3+ ions being activated by good 

to excellent antenna effects of the ligands leading to Ln3+ sensitization. The high 

quantum yield of Tb3+, which reaches 92 %, and the uncommon NIR emission for Tm3+, 

Ho3+, and Pr3+ serve as evidence of the excellent efficacy of the N-donor ligands under 

study. These results suggest potential applications in solid state lighting, optical 

amplifications, and biomedicine. The tuning of the luminescence chromaticity towards 

white-light emission was proved to be possible for some frameworks, which is a 

desirable property for light-emitting materials. Direct current (DC) magnetic 

susceptibility measurements proved the magnetic isolation of the studied CPs, which 

limited the study of the interaction between the magnetic and photophysical properties. 

Overall, this shows the high potential of coordination polymers and complexes with a 

pyridyl-pyrazole ligand as the N-donor for the design of materials with versatile 

structures. These materials are able to exhibit very interesting photophysical properties. 
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Appendix A. Additional direct current (DC) magnetic 
measurements  

Direct current (DC) magnetic susceptibility measurements were further performed 

for 3
∞[Dy(4-PyPz)3], 3

∞[Dy(4-PyPz)3] in a temperature range of 3 to 300 K and under a 

magnetic field of 1 T. The data were fitted in the given temperature range with a modified 

Curie–Weiss law. 

A.1. DC magnetic susceptibility measurements for 3∞[Dy(4-PyPz)3] 

An effective magnetic moment μeff of 11.098(2) μB, a Weiss constant θ of 

−2.859(8) K, and a temperature-independent paramagnetic susceptibility ꭕ0 of 13.13(2) 

× 10−3 cm3 mol−1 were obtained. At room temperature, the ꭕMT value is 19.23 cm3 K 

mol−1, which is higher than the theoretical value for the corresponding noninteracting 

Dy3+ ions (6H15/2, S = 5/2, L = 5, g = 4/3, ꭕT = 14.17 cm3 K mol−1). Upon cooling, a 

monotonic slow decrease of ꭕMT takes place up to 45 K, where a significant decrease 

is observed, with ꭕMT reaching 7.3 cm3 K mol−1. The small, negative Weiss constants θ 

are results of spin-orbit coupling as well as the crystal field effect. 

 

Figure A.1. Temperature dependency of the magnetic susceptibility of 3∞[Dy(4-PyPz)3] in a temperature 

range from 3 to 300 K and magnetic field 1T: a) ꭕ vs T, b) ꭕ-1 vs T , c) ꭕT vs T. The solid red line 

represents the best fitting curve. 
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A.2. DC magnetic susceptibility measurements for 3∞[Er(4-PyPz)3] 

An effective magnetic moment μeff of 8.805(8) μB, a Weiss constant θ of −6.84(6) 

K, and a temperature-independent paramagnetic susceptibility ꭕ0 of 17.65(7) × 10−3 cm3 

mol−1 were obtained. At room temperature, the ꭕMT value is 14.51 cm3 K mol−1, which 

is higher than the theoretical value for the corresponding noninteracting Er3+ ions (4I15/2, 

S = 3/2, L = 6, g = 6/5, ꭕT = 11.48 cm3 K mol−1). Upon cooling, a monotonic slow 

decrease of ꭕMT takes place up to 75 K, where a significant decrease is observed, with 

ꭕMT reaching 3.7 cm3 K mol−1. The small, negative Weiss constants θ are results of 

spin-orbit coupling as well as the crystal field effect. 

 

Figure A.2. Temperature dependency of the magnetic susceptibility of 3
∞[Er(4-PyPz)3] in a temperature 

range from 3 to 300 K and magnetic field 1T: a) ꭕ vs T, b) ꭕ-1 vs T , c) ꭕT vs T. The solid red line 

represents the best fitting curve.  
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Appendix B. List of used ligands and abbreviations 

2-PyPzH 

 
3-(2-pyridyl)pyrazole  

                                              C8H7N3 FW 145.165 g · mol-1 

3-PyPzH 
 

3-(3-pyridyl)pyrazole  

                                             C8H7N3 FW 145.165 g · mol-1 

4-PyPzH 
 

3-(4-pyridyl)pyrazole  

                                               C8H7N3 FW 145.165 g · mol-1 

AE Alkaline earth element 

CCDC Cambridge Crystallographic Data Centre 

CIE Commission internationale de l’éclairage  

CP Coordination polymer 

DC Direct current 

DTA Differential thermal analysis 

ED Electric dipole 

IC Internal conversion 

IED Induced electric dipole 

ILCT Intra-ligand charge transfer 

ISC Intersystem crossing 

IC Internal conversion 

LMCT Ligand-to-metal charge transfer 

Ln Lanthanide 

MD Magnetic dipole 

MeCN Acetonitrile 

MLCT Metal-to-ligand charge transfer 

MMET Metal-to-metal energy transfer 

NIR Near-infrared 

PhCl Chlorobenzene 

PLQY or  Photoluminescence quantum yield 

Py pyridine 

PXRD Powder X-ray diffraction 
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RT Room temperature 

SC Single crystal 

SCXRD Single-crystal X-ray diffraction 

TG Thermogravimetry 

Tol Toluene 

UV Ultraviolet 

VIS visible 

 

 


